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SULPHUR ISOSTERS OF CARCINOGENIC 
HYDROCARBONS'—PART I 


By B. D. TILAK 
(Department of Chemical Technology, University of Bombay) 
Received September 18, 1950 
(Communicated by Dr. K. Venkataraman, F.A.SC.) 


SYNTHETIC organic compounds widely different in structures have been 
found to be carcinogenic, but among these polycyclic hydrocarbons con- 
taining the phenanthrene nucleus are of special interest and have been 
exhaustively studied.? Robinson*® has suggested that the weight of evidence 
as regards the essential structural requirement for carcinogenicity indicates 
thg possibility of reaction at an “activated phenanthrene bridge” in the 
great majority of cases, and the present paper is an elaboration of this idea. 


The 1:2-benzanthracene molecule is present in the majority of active 
carcinogens, and is also remarkable because whereas it is inactive, substitu- 
tion in the 9: 10-positions by methyl groups gives (I) which is highly carcino- 
genic. The two centres of ,reactivity in 1: 2-benzanthracene are: the 3: 4- 
double bond (the 9 : 10-positions in the phenanthrene half of the molecule, 
the “ phenanthrene bridge”) and the meso positions. In view of the fact 
that a large number of physiologically active substances are structurally 
related to phenanthrene, the phenanthrene bridge (shown in I and in other 
carcinogenic compounds by asterisk) in 1:2-benzanthracene and its deriva- 
tives probably plays a significant role in the physiological activity of these 
compounds. The reactivity of the 9: 10-phenanthrene double bond may 
be enhanced (or competitive reactivity reduced) by suitable substitution 
elsewhere, particularly in the meso positions, which are thus deactivated. 
The above hypothesis provides a simple explanation of the high carcino- 
genic activity of (1) as against the inactivity of 1: 2-benzanthracene. It also 
accounts for the inactivity of 1:2: 3:4-dibenzanthracene (where the reactive 
phenanthrene double bond is blocked) and also shows that the meso posi- 
tions of anthracene are not evolved in carcinogenesis. Haddow* has drawn 
attention to other examples which confirm the importance of the phenan- 
threne bridge in carcinogenesis. Whereas there are certain exceptions to 
the above hypothesis and more than one mechanism may be involved, there 
are several striking examples which substantiate the hypothesis, which 
forms the basis of the present work. 
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With the view to collect evidence as regards the role of the phenanthrene 
bridge in carcinogenesis, compounds analogous to carcinogenic hydro- 
carbons in which an appropriate benzene ring is replaced by the isosteric 
thiophene nucleus were synthesised. In 9 : 10-dimethyl-1 : 2-benzanthracene 
(I) there are three benzene nuclei which might be so replaced and three such 
sulphur isosters, in which the end benzene ring (A or D) is replaced, have 
been found to be carcinogenic. ® 7 Since the isosteric replacement does 
not affect the reactive centres in (1), the activity of these compounds is to be 
expected. The third isomer 4: 9-dimethyl-2: 3-benzothiophanthrene (II), 
in which the ring C is replaced by a thiophene ring, has now been synthesised 
and is of greater significance because of the removal of the phenanthrene 
bridge. 
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2: 3-Benzo-4: 9-thiophanthrenequinone (III) was prepared according to 
Mayer® by condensation of w-chloroacetophenone and thioisatin in aqueous 
alkali and the cyclisation of the resulting 2-benzoylthionaphthene-3-carbo- 
xylic acid. The above synthesis of (II) was preferred to the alternative 
synthesis* starting from thionaphthene and phthalic anhydride that was 
initially employed. Thionaphthene required for the latter route to (III) was 
prepared by cyclization of thiophenoxyacetaldehyde dimethyl acetal and 
represents a new synthesis of thionaphthene which has general application 
in the syntheses of other thiophenes and thiapyrans.1° Whereas Mayer 
cyclized 2-benzoylthionaphthene-3-carboxylic acid by the action of anhydrous 
aluminium chloride on its acid chloride, it has now been converted to (III) 
by the action of benzoyl chloride and sulphuric acid.? The sulphur isoster 
(11) was prepared from the quinone (III) through the iodomethyl derivative 
according to Fieser and Hershberg* and was purified through the picrate, 
chromatographic separation and finally by recrystallization from acetone. 


Compound (II) proved to be non-carcinogenic by subcutaneous injec 
tion in mice and weakly active on painting. While not unduly stressing 
the importance of this result, it seems probable that the phenanthrene 
double bond in (1) is essential for its carcinogenic activity. A highly signi 
ficant fact in support of the above conclusion is that high activity again 
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emerges in the benzo derivatives (IX) and (X) (see later), where the phen- 
anthrene double bond is once again introduced. 


Heterocyclic compounds analogous to the weakly carcinogenic hydro- 
carbons 1:2:5:6- and 1:2: 7: 8-dibenzanthracenes and containing nitro- 
gen as a part of carbazole, phenazine or acridine ring systems have been 
synthesised and many of them show definite though weak carcinogenic 
activity.2 Notable among these is 3: 4:5: 6-dibenzocarbazole which how- 
ever is a powerful carcinogen.1* The corresponding compounds contain- 
ing oxygen and sulphur have been reported, but their activity was not known 
when the work was in progress.t 1: 1’-Dinaphthalene-2:2’-sulphide (IV) 
has been prepared by Barber and Smiles from 1-iodonaphthalene-2-sulphonic 
acid by a five-step synthesis. It has now been prepared in two stcps from 
B-naphthol by converting it to §-dinaphthol and by the action of phos- 
phorous pentasulphide on the latter under drastic conditions. Both f- 
dinaphthalene oxide and (IV), which is isosteric with the inactive hydro- 
carbon 3: 4-(2’: 1’-naphtho)-phenanthrene, proved non-carcinogenic. 
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1:2:5:6-Dibenzanthracene (V), and to a less degree 1:2:7:8- 
dibenzanthracene (VII) are carcinogenic. The corresponding meso-dimethyl 
derivatives (V1) and (VIII) are also carcinogenic; (VIII) being more active 
than (VII). There are three reactive centres in (V) and (VII): the two 
phenanthrene double bonds and the meso positions. Substitution of the 
meso positions by methyl groups and one of the phenanthrene bridges by 
a sulphur atom leads to the sulphur isosters (IX) and (X), which should 
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prove highly carcinogenic due to the increased activation (decreased com- 
petitive reactivity) of the remaining reactive centre. 


Condensation of a-bromoacetylnaphthalene and thioisatin in aqueous 
sodium hydroxide gave 2-(1’-naphthoyl)-thionaphthene-3-carboxylic acid 
(XI) which on_ ring-closure gave 2: 3:7: 8-dibenzo-4: 9-thiophenanthrene- 
quinone (XII). The latter was converted to 4: 9-dimethyl-2:3:7: 8-dj- 
benzothiophanthrene (IX) which was purified through its di-picrate. 
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The reaction of 8-bromoacetylnaphthalene with thioisatin similarly 
gave 2-(2’-naphthoyl)-thionaphthene-3-carboxylic acid (XIII). Cyclization of 
this acid would lead to 2: 3:5: 6-dibenzo-4: 9-thionaphthenequinone (XIV) 
as the major product and to the isomeric 2:3: 6: 7-dibenzo-4: 9-thio- 
phanthrenequinone (XVII). In actual fact only the quinone (XIV) was the 
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sole product of the cyclization. The quinone was converted to 4: 9-dimethyl- 
2:3: 5: 6-dibenzothiophanthrene (X) as in the case of (IX). 


Both (1X) and (X) proved to be highly carcinogenic both by subcutaneous 


injection and also by painting technique, the activity being comparable 
with (I). 


Mayer® obtained a mixture of two quinones constituted by him as (XII) 
and (XIV) by the cyclization of the mixture of 3-(2’-naphthoyl)-thionaph- 
thene-2-carboxylic acid (XV) and 3-(1’-naphthoyl)-thionaphthene-2-carbo- 
xylic acid (XVI) resulting from the condensation of naphthalene with thio- 
naphthene-2 : 3-dicarboxylic anhydride. The mixture of the quinones, on 
fractional crystallization from benzene, gave the quinone, m.p. 157° (major 
product) and the less soluble quinone, m.p. 257°. Cyclization of the acid 
(XV) would lead to the quinone (XII) or to 2:3:6:7-dibenzo-4: 9-thio- 
phanthrenequinone (XVII), whereas the acid (XVI) would give (XIV) or 
the quinone (XVIII). The quinones (XII) and (XIV) have now been un- 
ambiguously synthesized and melt at 255-56° and 261-62:5°. The higher 
melting quinone, m.p. 257° obtained by Mayer could therefore be either 
of the above quinones. The quinone (XVII), synthesised by Mayer, melts 
at 301°. The lower melting quinone, m.p. 157°, obtained by Mayer may 
therefore be (XVIII). The quinones described by Mayer are being prepared 
to establish the identity of the quinone, m.p. 257°. 
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Attempts to reduce the quinones (XII) and (XIV) to the corresponding 
thiophanthrene derivatives by the Clar method, gave 2:3: 7: 8-dibenzo- 
(XIX) and 2:3: 5: 6-dibenzo-thiophanthrones (XX), which are being further 
studied, 
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EXPERIMENTAL 


(Microanalyses by Drs. Weiler and Sirauss, Oxford. M.ps. are un- 
corrected.) 


2: 3-Benzo-4: 9-thiophantlirenequinone (III).—Thioisatin (4-9g.), pre- 
pared from thioindoxyl according to Mayer,® was dissolved in warm 2N 
sodium hydroxide (30c.c.), and sodium icdice (1 g.), and w-chloroaceto- 
phenone were added. The mixture was boiled under reflux for one hour, 
cooled, filtered and acidified with dilute hydrochloric acid when 2-benzoyl- 
thionaphthene-3-carboxylic acid, m.p. 238-41° (6:9g.) separated. It gave 
colourless needles from glacial acetic acid, m.p. 245-47° (5-3 g.). Mayer 
prepared this acid by employing «-bromozacetophenone without addition of 
sodium iodide and gives m.p. 240-41°. The acid (3 g.) was suspended in 
benzoyl chloride (30c.c.), warmed in boiling water-bath, concentrated 
sulphuric acid (0-6 ¢.c.) was added and after five minutes, the contents were 
diluted in 2N sodium hydroxide, and the mixture was boiled when the 
quinone (VI) was obtained, m.p, 190-200° (2:9g.). A solution of the pro- 
duct in benzene was passed through a column of activated alumina, and 
the quinone finally crystailized from benzene-petroleum ether when it gave 
yellow needles, m.p. 214-16° (2:0 g.) (Mayer gives m.p. 212-13°). 


4: 9-Dimethyl-2: 3-henzothiophanthrene (I1).—A solution of the quinone 
(III) (4-2 g.) in dry thiophene-free benzene (75 c.c.) was added to the Grignard 
reagent from magnesium (1-62 g.), methyl iodide (4-3¢.c.) and dry ether 
(90 c.c.) and the contents were boiled at 70-80° for one hour. The reaction 
mixture was cooled in ice, and gradually added to an ice-cooled solution 
of hydriodic acid, sp. gr. 1-7 (52-4 .c.), in acetic acid (90 c.c.). Ether and 
benzene in the reaction mixture were removed in vacuum at 10-15° (2 hours), 
the iodomethyl compound, which separated as a greenish yellow solid, was 
collected, and washed with 1:1 aqueous acetic acid. It was dissolved in 
dioxan (360 c.c.), and reduced with a solution of hydrated stannous chloride 
(34-6 g.) in concentrated hydrochloric acid (105 c.c.) and dioxan (170 c.c.), 
by boiling under reflux for 30 minutes. The solvent was distilled under 
reduced pressure and the concentrated solution on cooling gave pale olive 
flakes of the dimethyl derivative, m.p. 145-52° (1-96g.). It was treated 
with a saturated alcoholic solution of picric acid (3 g.), end the picrate was 
decomposed with 1% aqueous ammonia and the mixture was extracted with 
benzene. The benzene solution was washed, dried (Na,SO,), and after 
concentration passed through an activated alumina column. The fraction 
giving bright bluish violet fiuorescence was collected, and the pale yellow 
solid (1:78 g.), obtained by removal of the solvent, was crystallized from 
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acetone when it gave pale yellow rhombic prisms (0-96 g.), m.p. 154-55°, 
raised to 154-5-55-5° by recrystallization from the same solvent (Found: 
C, 82:3; H, 5-3; S, 11-7. C,sH,,S requires C, 82-5; H, 5-3; S, 12-2%). 
The picrate gave bronze-coloured flakes from absolute alcohol, m.p. 157-58° 
(Found: N, 8:4. C,,H,»N;0,S requires N, 8°5%). 


1: 1'-Dinaphthalene-2 : 2'-sulphide (IV).—B-Dinaphthol was prepared by 
oxidation of B-naphthol with dilute aqueous ferric chloride.“ A mixture of 
8-dinaphthol (25 g.) and phosphorous pentasulphide (9-75 g.) was heated in 
a 250c.c. Claisen flask under reduced pressure (0-1 mm.) first gradually 
and then strongly with a free flame. Considerable frothing occurred due 
to the evolution of vapours having a repugnant odour. Short yellow 
needles collected on the cooler portions of the flask and the residue in the 
flask turned black. After cooling, the residue and the small quantity of the 
distillate were repeatedly extracted with boiling benzene (total 150c.c.). 
The benzene extract was left overnight in the refrigerator and the yellow 
precipitate obtained, m.p. 195-205° (0-9 g.), was dissolved in benzene and 
passed through an activated alumina column. The fraction showing strong 
blue fluorescence after concentration gave lustrous pale yellow flakes 
(benzene) of 1: 1’-dinaphthalene-2:2’-sulphide, m.p. 209-10° (0-35 g.), 
unaltered by further recrystallization. Barber and Smiles!* give m.p. 202° 
(Found: C, 84:6; H, 4:4; S, 11-6. Calc. for CopH,2S: C, 84-5; H, 4:3; 
§, 11-3%). 


2-(1’-Naphthoyl)-thionaphthene-3-carboxylic acid (XI),—a-Acetylnaphtha- 
lene"* was isolated free from the f-acetyl derivative through its less soluble 
picrate (m.p. 116-18°), and brominated to give a-bromoacetylnaphthalene.?” 
A hot solution of thioisatin (3-1 g.) and sodium iodide (0-7 g.) in 2N sodium 
hydroxide (20 c.c.) was added to a-bromoacetylnaphthalene (5-1! g.), and the 
mixture was boiled under reflux for 30 minutes. After dilution with water, 
the mixture was clarified (Norit), filtered, cooled and the solution acidified 
with dilute hydrochloric acid. The precipitate (5:0g.) was crystallized 
from glacial acetic acid when colourless flat needles of the ketoacid (XI) 
separated, m.p. 185-200°(3g.). The acid was purified by two further 
tecrystallizations, and after washing with acetic acid was dried at 145°/10 mm. 
for 14 hours; softens above 180° and melts at 199-201°; unaltered by 
further recrystallizations (Found: C, 72:2; H, 3-6; S, 10-3. CspH,,0.S 
requires C, 72-3; H, 3-6; S, 9-6%). 


2:3: 7: 8-Dibenzo-4: 9-thiophanthrenequinone (XII).—A mixture of the 
above ketoacid (0-5 g.) and benzoyl chioride (5¢.c.) was heated in water- 
bath, and acidified with a drop of concentrated sulphuric acid, The bright 
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green solution which changed rapidly to deep yellow, was further heated 
for two minutes, diluted in 2N sodium hydroxide, and the mixture boiled. 
The quinone separated as a red precipitate, m.p. 225-35° (0-45 ¢.) and 
crystallized from benzene in needles, m.p. 248-51°; raised to 255-56° by 
two further recrystallizations from the same solvent (Found: C, 76-5; 
H, 3-3; S, 10-9. CsgH,oO.S requires C, 76-4; H, 3-2; S, 10-2%). 


4: 9-Dimethy!-2: 3:7: 8-dibenzothiophanthrene (IX).—The quinone (X]}) 
(0:95 g.) was added to the Grignard compound from magnesium (1 g.) and 
methyl iodide (4 .c.), dissolved in ether (20 c.c.) ard thiophene-free benzene 
(20 c.c.). The solution was heated under reflux for one hour and after 
cooling in ice was added gradualiy to a cold solution of hydriodic acid sp. gr. 
1-7 (12¢.c.) in methyl alcohol (20c.c.), when a yellow precipitate of the 
iodomethyl compound separated. Acetic acid (20¢.c.) was added to the 
mixture and after removing ether and benzene under reduced pressure below 
10°, the precipitate was separated, dissolved in dioxan (75 c.c.), and boiled 
with a solution of stannous chloride (7-5 g.) in concentrated hydrochloric 
acid (22-5c.c.), and dioxan (40c.c.) for 15 minutes. The reaction mixture 
was distilled under reduced pressure, and after collecting about S0c.c. the 
residue was cooled gradually to room temperature, and finally in a freezing 
mixture when a cream-coloured precipitate was obtained, m.p. 155-67° 
(0-38 g.), which after four crystallizations from benzene-light petroleum 
(60-80°), gave colourless flakes of the dimethyl compound, m.p. 175°. The 
mother-liquor gave a sticky yellow solid after dilution with water. The 
latter was dissolved in benzene and chromatographed. The pale blue 
fluorescent fraction was concentrated and treated with excess of picric acid. 
The lustrous dark red needles of the dipicrate separated, m.p. 185-87° 
raised to 186-87° on further recrystallization from dilute alcoholic solution 
of picric acid (Found: C, 53-5; H, 3:0; N, 11-4. Cy yHogN,gO,4S requires 
C, 53:0; H, 2:9; N, 10-9%). The dipicrate was decomposed with 1% 
aqueous ammonia, and the product boiled with alcohol (10 c.c.) and cooled. 
The cream-coloured crystalline powder, m.p. 170-74°, gave lustrous colour- 
less flakes of the dimethyl derivative after two recrystallizations from benzene- 
light petroleum (60-80°), m.p. 175° (Found: C, 84-2; H, 5-2; S, 10-6. 
CooH,,S requires C, 84-6; H, 5-1; S, 10-3%). 


2-(2’-Naphthoyl)-thionaphthene-3-carboxylic acid (XIII).—8-Bromoacetyl- 
naphthalene!” (5-1 g.) was heated under reflux with thioisatin (3-1 g,), 
sodium iodide (0-7 g.) and 2N sodium hydroxide (20c.c.) for one hour. 
The crude ketoacid was isolated in the same manner as (XI), and gave colour- 
less needles from acetic acid, m.p. 250-70° (partial decompn.) (3-2 g.). The 
mother-liquor after concentration gave a second crop of the acid (0-6,). 
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After three recrystallizations, the ketoacid gave colourless needles which 
softened above 250° and melted with partial decomposition at 274-76° 
(Found: C, 71:8; H, 3-8; S, 9-5. Cu. 9H;,0,S requires C, 72:3; H, 3-6; 
S, 9-6%). 


2: 3:5: 6-Dibenzo-4 : 9-thiophanthrenequinone (XIV).—The above keto- 
acid (3-0 g.) was treated with benzoyl chloride and concentrated sulphuric 
acid as in the preparation of (XII). The crude quinone (2-9 g.) gave lustrous 
orange felted needles from benzene (350 c.c.), m.p. 260-61° (1-75 g.). The 
mother-liquor after concentration gave a second crop of the quinone, m.p. 
256-58° (0-46 g.). A portion of the quinone when dissolved in benzene 
and passed through a column of activated alumina, gave a uniform chromato- 
gram indicating its homogeneity and the quinone thus purified had the same 
m.p. It was sublimed at 280-90°/0-2 mm., and the sublimed product after 
crystallization gave slender orange needles (benzene), m.p. 261-62-5° 
(Found: C, 75-9; H, 3-1; S, 10-2. C,,HigO.S requires C, 76:4; H, 3-2; 
S, 10-2%). 


4: 9-Dimethyl-2 : 3: 5: 6-dibenzothiophanthrene (X).—The quinone (XIV) 
(0:95 g.) was treated with magnesium methyl iodide as in the preparation 
of (IX), using double the quantities of acetic acid and methanol. After 
reduction of the iodomethyl compound, the dioxan solution was concentrated 
under reduced pressure to about 30c.c. and cooled in ice, when pale yellow 
needles of (X) separated, m.p. 148-50° (0-52g.). It crystallized from 
benzene-alcohol in lustrous felted slender pale yellow needles, m.p. 150-50: 5° 
(Found: C, 85-1; H, 5-2; S, 10-2. C,sH,.S requires C, 84-6; H, 5:1; 
S, 10-3%). The dimethyl compound (40 mg.) was treated with sym-trinitro- 
benzene (40 mg.) in benzene, and the derivative thus obtained was crystal- 
lized from benzene-alcohol when it gave bright red stout needles, m.p. 160-62°, 
raised to 162-63° by further recrystallization from dilute solution of sym- 
trinitrobenzene in the same solvents (Found: C, 64:0; H, 3-5; N, 7°8. 
C.gHjgN,O,S requires C, 64:0; H, 3:2; N, 8-0%). 


2:3: 7: 8-Dibenzothiophanthrone (XIX).—The quinone (XII) (1 g.), zine 
dust (1 g.), anhydrous zinc chloride (2-5 g.), and sodium chloride (1 g.) were 
intimately powdered together and heated to 220°. The mixture was raised 
to 280° and heated at this temperature for 15 minutes under stirring. The 
mixture was cooled, powdered and boiled with 10% hydrochloric acid 
(150c.c.). The precipitate was washed, dried, and the olive grey powder 
dissolved in benzene, and the solution passed through an activated alumina 
column. An orange fraction of the unchanged quinone (0-04g.) was 
eluted leaving a strong adsorbed substance on the alumina. The latter was 











140 B. D. Tilak 


eluted by boiling with alcohol, and gave after concentration an olive precipi- 
tate, m.p. 240-46°, which was sublimed at 260-80°/0:08 mm. The pale 
yellow sublimate on crystallization from benzene gave the thiophanthrone 
in lustrous aggregates of pale olive-coloured silky needles, which soften 
above 230° and melt at 241-43° (partial decomp.) (Found: C, 79-7; H, 
4-0; S, 10-7. Cx 5H,;,OS requires C, 80-0; H, 4:0; S, 10-7%). The thio- 
phanthrone gave a greenish yellow solution in alcoholic potassium hydroxide, 
and was partially soluble in aqueous alkali. 


2:3: 5:6-Dibenzothiophanthrone (XX).—An intimate mixture of the 
quinone (XIV) (0-5 g.), zine dust (0-5 g.), anhydrous zine chloride (1°25 g.) 
and sodium chloride (0-5 g.) was heated at 280-90° for 15. minutes. The 
reaction mixture was powdered, boiled with 10% hydrochloric acid, and the 
precipitate was collected. It was extracted with benzene, the solution was 
decolourised (Norit) and after concentration gave small colourless needles 
of the thiophanthrone, pale grey fluffy powder with silvery reflex, m.p. 224-25° 
(decomp.) (Found: C, 79-7; H, 4:1. CspH,;,0S requires C, 80-0; H, 
4-C%). The thiophanthrone gave a pale yellow solution in alcoholic potas- 
sium hydroxide which gave yellowish orange needles after cooling. It was 
also soluble in boiling aqueous alkali. 


SUMMARY 


With the view to test the significance of an “activated phenanthrene 
bridge ’’* in carcinogenic hydrocarbons, syntheses of analogues in which 
an appropriate benzene ring is replaced by the isosteric thiophene nucleus 
were carried out. The replacement of the ring (C) in the highly carcinogenic 
hydrocarbon (I), led to 4: 9-dimethy!-2: 3-benzothiophanthrene (II) which 
proved to be inactive presumably due to the removal of the necessary phenan- 
threne double bond. The benzo derivatives of (II), 4: 9-dimethyl-2: 3: 7: 8- 
dibenzothiophanthrene (IX) and 4: 9-dimethyl-2: 3:5: 6-dibenzothiophan- 
threne (X), wherein the phenanthrene bridge is once again introduced, are 
highly carcinogenic. 1: 1’-Dinaphthalene-2:2’-sulphide, an isoster of the 
inactive hydrocarbon 3: 4-(2’: l’-naphtho)-phenanthrene, was prepared by 
a shorter synthesis and proved to be non-carcinogenic. 


_ Condensation of thioisatin with w-chloroacetophenone, a-bromoacetyl- 
and £-bromoacetyl-naphthalenes in alkaline solution followed by cycliza- 
tion of the intermediate 2-aroyithionaphthene-3-carboxylic acids gave (III), 
2: 3:7: 8-dibenzo-4: 9-thiophanthrenequinone (XII) and 2:3: 5: 6-dibenzo- 
4:9-thiophanthrenequinone (XIV) respectively. The quinones were con- 
verted to the corresponding 4: 9-dimethylthiophanthrenes, (II) (IX) and (X). 
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Reduction of (XII) and (XIV) gave 2:3: 7: 8-dibenzo-(XIX) and 2:3: 5: 6- 
dibenzothiophanthrones (XX). 


I am indebted to Sir Robert Robinson, P.R.s., 0.M., for his kind interest 
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in the work, which was carried out in the Dyson Perrins Laboratory, Oxford, 
I am also grateful to Dr. I. Berenblum for physiological 


REFERENCES 


D. Phil. Thesis, Oxford University, 1946. 
Brit. Med. Bull., 1947, 4, 314. 

Brit. Med. J., 1946, 1, 945. 

Brit. Med. Bull., 1947, 4, 331. 


J. Am. Chem. Soc., 1940, 62, 3102. 
Ibid., 1941, 63, 2563. 


Ibid., 1945, 67, 1305. 
Annalen, 1931, 488, 259. 
J. Chem. Soc., 1939, 804. 
Proc. Ind. Acad. Sci., , 1950, 32 A, 390, et sequa. 
23rd Rep. Brit. Empire Cancer Campaign, 1946, 109. 
Cancer Res., 1945, 5, 564. 

J. Chem. Soc., 1928, 1141. 

Ber., 1939, 72, 1645. 
Ibid., 1926, 59, 2160. 
Monatsch, 1932, 59, 279. 
J. Chem. Soc., 1931, 2295. 
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Part XI. Constitution of Teloschistin—The Position of 
the Methoxyl Group 
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AND S. SANKARA SUBRAMANIAN 


(From the Chemical and Pharmaceutical Laboratories, Andhra University, Waltair) 
Received December 1, 1950 


IN a recent paper on the chemical components of Teloschistes flavicans 
Seshadri and Subramanian! reported the isolation of physcion (I) and a new 
compound to which they gave the name teloschistin. The presence of 
another substance (designated A by them) in a small amount was also indi- 
cated. In the same paper the constitution of teloschistin as w-hydroxy- 
physcion (II) was arrived at on the basis of the following evidence. The 
substance, which is orange in colour, has the composition C,,H,,O, with 
a methoxyl group, showing that it may be a hydroxyphyscion. Its insolu- 
bility in aqueous sodium carbonate, solubility in dilute aqueous potassium 
hydroxide and the formation of a sparingly soluble potassium salt indicated 
the presence of the methoxyl group in the 7-position as in physcion. Like 
physcion it does not exhibit fluorescence in glacial acetic acid or a blue 
colour in concentrated sulphuric acid indicating the absence of a 1:4- or 
5: 8-dihydroxy grouping. Though the substance gives a triacetate, methyla- 
tion with dimethyl sulphate and potassium carbonate in acetone solution 
yields only a dimethyl ether, thereby suggesting that one of the oxygen 
atoms may exist as an alcoholic hydroxyl group, plausibly in the side chain 
at C,, so that teloschistin could be represented as w-hydroxyphyscion. This 
idea was confirmed by the transformation of teloschistin into emodin (III) 
by demethylation and simultaneous reduction with hydriodic acid and 
phosphorus followed by chromic acid oxidation (to regenerate the quinone 
CO groups). 

In support of this conclusion an earlier observation of Anslow, et al.” 
was cited, viz., the conversion of w-hydroxy-emodin (IV) by partial methyla- 
tion with methyl iodide and sodium methoxide into a compound of the same 
melting point as that now found for teloschistin. This reaction was 
supposed to effect selective methylation of f-hydroxyl groups in anthra- 
quinone compounds. Further, teloschistin dimethyl ether possesses a 
melting point agreeing with the one which Posternak* reported for the 
dimethyl ether of roseopurpurin (V). 
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The above evidence, while it establishes the structure of teloschistin 
in all essential details, is incomplete in that the position of the methoxyl 
group is deduced mainly from qualitative reactions (insolubility in aqueous 
sodium carbonate, solubility in aqueous potassium hydroxide and formation 
of a sparingly soluble potassium salt). The assignment of the 7-position 
to the methoxyl group in the mono-methyl ether of w-hydroxy-emodin 
(Anslow, et al.”) is again based on the expectation that selective methylation 
of the B-hydroxyl group takes place under the conditions employed. A 
tigid chemical proof for the position of the methoxyl group of teloschistin 
has therefore now been provided by converting it into a compound of known 
structure in which the methoxyl is still present and is known to be in the 
7-position. This has been achieved by oxidising teloschistin triacetate with 
chromic acid to 4: 5-diacetyl-7-O-methyl-emodic acid (VI). The identity of 
this acid has been established by direct comparison with a sample prepared 
by the chromic acid oxidation of physcion diacetate and by its conversion 
into the known 7-O-methylemodic acid (VII) on hydrolysis with methy] 
alcoholic potash. Hydrolysis with methyl alcoholic sulphuric acid yielded 
a new substance which, from its physical and chemical properties and the 
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results of analysis, may be assigned the structure methyl 7-O-methyl- 
emodate (VIII). 
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In the course of the oxidation experiments mentioned above it was 
noticed that the reaction proceeded much more slowly with teloschistin 
triacetate than with physcion diacetate, in spite of the fact that the former 
carries an oxygen function in the side chain and the latter lacks this and 
would therefore normally be expected to be less reactive. A similar observa- 
tion has been recorded also by Anslow, et al.* who found that oxidation of 
emodin triacetate is much easier than that of w-hydroxy-emodin tetra- 
acetate. 


In view of the fact that several anthraquinone compounds occur in 
nature partly in the form of the anthranols it would be useful to have data 
regarding the anthranol of teloschistin for purposes of future reference, 
The preparation and properties of this substance are therefore described 
herein, as also its reconversion into teloschistin. 


EXPERIMENTAL 


Teloschistin triacetate is conveniently prepared in good yield by 
adopting the following procedure. Teloschistin (0-5g.) is dissolved in 
acetic anhydride (10c.c.) and the solution treated with concentrated 
sulphuric acid (5 drops) and boiled under reflux for a few minutes. The 
hot solution is set aside half an hour for slow cooling, then poured into 
water (300c.c.) and left overnight. The greenish-yellow solid that sepa- 
rates is filtered off and crystallised from glacial acetic acid when teloschistin 
triacetate is obtained as lemon-yellow broad rectangular plates melting at 
192-93°; yield 0-56 g. 


Physcion diacetate is similarly made using physcion (0-25 g.), acetic 
anhydride (5c.c.) and concentrated sulphuric acid (2 drops). It crystallises 
from glacial acetic acid as yellow needles melting at 186-87°; yield, 
0-25 g. 
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1. 7-O-Methyl-emodic Acid (VI) 


(i) Oxidation of Teloschistin triacetate.—Teloschistin triacetate (0-4 g.) 

was dissolved in a mixture of glacial acetic acid (15 c.c.) and acetic anhydride 

R (15c.c.). The solution was heated to about 60° and treated with a solution 
of chromic acid (CrO,;, 0-8g., water, 2c.c. and glacial acetic acid, 10c.c.) 

which was added gradually over 30 minutes with constant shaking. The 

temperature was maintained at 50-60° throughout the addition of the 

reagent, then raised to 65-70° and maintained in this range for 3 hours. 

The solution which had acquired a pure green colour by this time was 

poured into water (250c.c.) and left overnight. The yellow crystalline 


1S product which had separated was filtered, washed and dried. On crystallisa- 
in tion from glacial acetic acid 7-O-methylemodic acid diacetate was obtained 
oT as lemon-yellow needles and rods melting at 213-14°; yield, 0-35g. 
d (Found: C, 60:2; H, 3:5; CuspH,4O, requires C, 60-3 and H, 3-5%). It 
\- was soluble in sodium bicarbonate and on heating the solution a pink-red 
of colour developed (Eder and Hiauser* report a m.p. of 214-15° for diacetyl- 
i- 7-O-methylemodic acid). 


(ii) Oxidation of Physcion diacetate——Physcion diacetate (0-25 g.) was 
oxidised with chromic acid in the same manner as described above. After 
crystallisation from glacial acetic acid the oxidation product was obtained 
as lemon-yellow needles melting at 213-14°; yield, 0:2g. Mixed 
melting point with a sample of the oxidation product from _ teloschistin 
triacetate was undepressed. 


Se ed 


Hydrolysis of 4: 5-Diacetyl-7-O-methyl-emodic Acid 


(a) With Methyl Alcoholic Potash: Preparation of 7-O-Methyl-emodic 
Acid (VII).—4: 5-Diacetyl-7-O-methyl-emodic acid (0-2 g.) was treated with 
methyl alcoholic potash (2 N, 50c.c.) and the mixture was refluxed on a 
water-bath for 2 hours. The resulting deep reddish-purple solution was 
carefully acidified with sulphuric acid and the methyl alcohol removed under 
reduced pressure. Water was added to the residue and the solid that sepa- 
rated was crystallised from methanol-chloroform mixture when it was 
obtained as orange needles melting at 300-02°; yield, 0-15g. (Eder and 
Hauser* report a melting point of 298-300° for 7-O-methylemodic acid). 
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’ (b) With Methyl Alcoholic Sulphuric Acid: Preparation of Methyl 7-O- 
J Methylemodate (VIII).—4: 5-Diacetyl-7-O-methyl emodic acid (0-3 g.) was 
Suspended in anhydrous methyl alcohol (100c.c.) containing concentrated 
Sulphuric acid (3c.c.) and the mixture was refluxed on a water-bath. A 
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clear solution was obtained in about 5 minutes and in about half an hour 
a yellow solid separated out. The methyl alcohol was removed under 
reduced pressure and water was carefully added to the residue with cooling. 
The resulting product was filtered and washed with water till free from 
mineral acid. It was then crystallised from glacial acetic acid when methyl 
7-O-methylemodate was obtained as orange yellow needles melting at 273-75° 
(Found: C, 62:2; H, 3:5; C,,H,,O, requires C, 62:2 and H, 3-7%). It 
was insoluble in sodium bicarbonate and carbonate, but soluble in 5% 
potassium hydroxide solution. 


Teloschistin anthranol 


Teloschistin (0-5 g.) was dissolved in boiling acetic acid (100c.c.) and 
zinc dust (5 g.) was added in small portions during the course of half an 
hour. The mixture was filtered while still hot. The acetic acid filtrate on 
cooling deposited the anthranol as a light yellow solid. It was crystallised 
first from chloroform-methanol mixture and then from acetic acid when it 
was obtained as lemon-yellow prisms melting at 249-50°; yield, 0-3 g. 
(Found: C, 62:6; H, 5-7; C,gH,,0;, 1 H,O requires C, 63-2 and H, 5-3), 
It dissolved in cold concentrated sulphuric acid with a golden yellow colour 
which changed to dark green in about an hour. In sodium hydroxide it 
dissolved slowly to give a pink solution which on standing for a long time 
deposited violet-red crystals. 


Oxidation of Teloschistin Anthranol to Teloschistin 


A boiling solution of teloschistin anthranol (0-2 g.) in glacial acetic 
acid (5 c.c.) was treated with a boiling solution of chromic acid in the same 
solvent (10 c.c. of 1% solution). The mixture was boiled for 2 minutes and 
then diluted with an equal volume of water. On cooling teloschistin sepa- 
rated out. After filtration it was crystallised from glacial acetic acid when 
it was obtained in the form of dull orange rectangular plates and prisms 
melting at 229-30°. It gave the same colour reactions as pure teloschistin 
and a mixed melting point with an authentic sample of this compound was 
undepressed. 


SUMMARY 


Chromic acid oxidation of teloschistin triacetate yields 4: 5-diacetyl-7-O- 
methylemodic acid. The identity of this acid has been established by com- 
parison with a sample obtained from physcion diacetate by oxidation and 
by its conversion into 7-O-methylemodic acid and its methyl ester on treatment 
with methyl alcoholic potash and methyl alcoholic sulphuric acid respec- 
tively. The location of the methoxyl group in teloschistin at position 7 
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has thus been rigidly established. The reduction of teloschistin to its 
anthranol and its regeneration from this compound are described. 
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Note.—At the instance of Prof. H. Raistrick teloschistin was compared 
with a sample of w-hydroxyemodin-7-methyl ether? kindly supplied by him. 
They were found to be identical and the mixed melting point was un- 
depressed. 








NUCLEAR OXIDATION IN FLAVONES AND 
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Part XXXIII. A New Synthesis of 5: 6-Dihydroxy Flavone 


By T. R. SESHADRI, F.A.Sc. AND N. VISWANADHAM 


(From the Departments of Chemistry, Andhra and Delhi Universities) 


Received November 17, 1950 


In Part XXVIII‘ in which the preparation of 6-hydroxy primetin was de- 
scribed, it was mentioned that the alternative method of synthesis involving 
5: 6-dihydroxy flavone (II) would be rather tedious. The really laborious 
part was the making of this dihydroxy flavone. Baker? first made it by 
employing 2:5-dihydroxy-6-methoxy acetophenone (I, R =H) and 2- 
hydroxy-5: 6-dimethoxy acetophenone (I, R =CHg;) as intermediates for 
carrying out the flavone synthesis. Nakazawa? used for this purpose 2: 5- 
dibenzoyloxy-6-methoxy acetophenone. Iyer and Venkataraman‘ later started 
with 6-hydroxy flavone (III) which is readily made from quinacetophenone. 
An amino group was introduced into the 5-position via., an azo dye and 
converted into the hydroxyl by known methods. In this simplified synthesis 
the yields in the final stages did not appear to have been satisfactory and a 
better method seemed to be desirable. 
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This has now been worked out using the two stage process of nuclear 
oxidation.» 6-Hydroxy flavone condenses fairly readily with hexamine to 
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yield the 5-aldehyde (IV) which is then oxidised by means of alkaline hydro- 
gen peroxide, The product and its derivatives agree with the requirements 
of 5:6-dihydroxy flavone and not the 6: 7-dihydroxy compound.*® The 
yield is about 40% and thus is now available a satisfactory method for the 
synthesis of this compound. 


Partial methylation of (II) to 5-hydroxy-6-methoxy flavone was carried 
out by Baker? with dilute alcoholic potash and excess of dimethyl sulphate. 
He obtained the same compound by the partial demethylation of 5: 6- 
dimethoxy flavone also. The partial methylation has now been carried 
out more conveniently in dry acetone solution with dimethyl sulphate and 
anhydrous potassium carbonate. 


EXPERIMENTAL 
6-Hydroxy-flavone-5-aldehyde (IV) 
The preparation of 6-hydroxy flavone was described by Chadha and 


Venkataraman.® For the preparation of quinacetophenone required for 
this purpose improved methods have been recently reported.’ 


6-Hydroxy flavone (1 g.) and hexamine (3 g.) were dissolved in glacial 
acetic acid (10.c.c.) and the solution heated (air condenser) in a boiling water- 
bath for 6 hours. Hydrochloric acid (1:1, 10c.c.) was added and the 
solution again heated for 5 minutes in the water-bath. It was then diluted 
with an equal volume of water and left overnight. The solid that sepa- 
rated out was filtered and extracted with acetone or benzene. An insoluble 
by-product was left behind. The hydroxy aldehyde crystallised from the 
solution as colourless needles. After a further crystallisation from these 
solvents it melted at 220-22°. Yield 0-5g. (Found: C, 71:9; H, 4:0; 4 
C,,H,,0, requires C, 72-2; H, 3-8%). It gave a blood red colour with 
alcoholic ferric chloride. In cold aqueous sodium hydroxide (10%) it was 
practically insoluble, but on warming formed a deep pink solution. With 
2:4-dinitrophenyl hydrazine it formed a dark orange red derivative which 
when crystallised from alcohol-acetic acid mixture melted at 292-94°. 


Oxidation to 5: 6-dihydroxy flavone (II) 


The above hydroxy flavone aldehyde (0-5 g.) was dissolved in pyridine 
(10c.c.) and treated with N/2 sodium hydroxide (5c.c.). On adding water 
(3 to 5c.c.) a clear red solution was formed. It was cooled in ice-water 
to about 20° and 6% hydrogen peroxide (2-5c.c.) added dropwise with 
shaking during the course of half an hour. The mixture was allowed to 
ur stand with occasional shaking for 2 hours, acidified with dilute hydro- 
chloric acid (1:1) and the deep yellow precipitate filtered. When crystal- 
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lised from ethyl acetate or absolute alcohol it separated as yellow prisms 
melting at 189-90°. Yield 0-4g. Mixed melting point with a sample 
prepared by the method of Baker® was undepressed. It gave an intense 
olive green colour with alcoholic ferric chloride and formed a dark red in- 
soluble sodium salt with aqueous sodium hydroxide. The diacetate and 
dimethyl ether melted at 164° and 196° respectively agreeing with the 
melting points given earlier by Baker.* 


5-Hydroxy-6-methoxy flavone 


5: 6-Dihydroxy flavone (0-5g.) in acetone (50c.c.) was treated with 
anhydrous potassium carbonate (3-0 g.) and dimethyl sulphate (0-21 c.c.) 
and the contents refluxed for 6 hours. The solvent was distilled off and 
water added to the residue. The undissolved greenish yellow solid was 
filtered and washed with water. After crystallisation from alcohol, 5- 
hydroxy-6-methoxy flavone was obtained as long needles melting at 
128-29°. Baker? gives the same melting point. It gave an intense bluish 
green colour with alcoholic ferric chloride and formed an insoluble orange 
sodium salt with aqueous sodium hydroxide. Yield 0:4¢g. 


SUMMARY 


Using the two stage process of ortho oxidation, 5: 6-dihydroxy flavone 
has been made from 6-hydroxy flavone. 
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NUCLEAR OXIDATION IN FLAVONES AND 
RELATED COMPOUNDS 


Part XXXIV. Para-oxidation in the Side-Phenyl Nucleus : Preparation 
of 6’-Hydroxy-myricetin 
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IN previous parts was described para-oxidation in the condensed benzene 
ring of flavones and flavonols using alkaline persu]phate. As far as the 
side-phenyl nucleus was concerned the two-stage ortho-oxidation was ap- 
plied for the conversion of a quercetin derivative into myricetin! and of a 
fisetin derivative into robinetin.* The feasibility of para-oxidation in this 
part of the molecule has not so far been tested. This has now been done 
using as a convenient material the pentamethy! ether of myricetin (II) which 
is easily made from the glucoside cannabiscitrin (I) by methylation and 
hydrolysis.* It is soluble in aqueous alkali and smoothly undergoes oxida. 
tion with persulphate to yield the quinol (III). On methylation it yields 
3:5: 7:3’: 4’: 5’: 6’-heptamethoxy flavone (IV) and on demethylation 6’- 
hydroxy-myricetin (V). Though it is a more highly hydroxylated compound, 
its alkali colour reactions are not more prominent than those of myricetin. 
With a view to make sure that hydriodic acid has not brought about any 
other el besides eee the product is remethylated. The 
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resulting methyl] ether is found to be identical with the original heptamethoxy 
flavone obtained from (III) and the mixed melting point is undepressed, 


Flavones with four hydroxyl (methoxyl) groups in the  side-phenyl 
nucleus have not been made so far and they have not been isolated from natural 
products. But in allyl-benzene derivatives which are considered to have 
a similar phytochemical origin’ analogous cases are found in parsley apiole 
(VI) and dill apiole (VII). Consequently the occurrence in nature of the 
above highly hydroxylated flavones and their derivatives should be consi- 
dered a possibility. 
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EXPERIMENTAL 


Following the procedure of Seshadri and Venkateswarlu® cannabiscitrin 
was methylated and the methyl ether hydrolysed when 3’-hydroxy-3: 5: 7:4’: 
5’-pentamethoxy flavone (II) was obtained as clusters of colourless needles 
melting at 220-21°. 


3’ : 6'-Dihydroxy-3 : 5: 7: 4’: 5'-pentamethoxy flavone (III) 


The above monohydroxy flavone (II) (1:0 g.) was dissolved in aqueous 
potassium hydroxide (1:0 g. in 30¢.c.) and the clear yellow solution was 
stirred and treated with aqueous potassium persulphate (1-2 g. in 25c.c.) 
gradually during the course of two hours. The reddish-brown solution 
was allowed to stand for 24 hours and then rendered slightly acidic to congo- 
red with hydrochloric acid. The substance that separated out was filtered 
off and washed with water. The filtrate was extracted twice with ether to 
remove the last traces of the unreacted compound. The clear reddish-brown 
aqueous layer was treated with sodium sulphite (2:0g.) and concentrated 
hydrochloric acid (20 c.c.) and the mixture heated with a boiling water-bath 
for 30 minutes. After cooling the yellow solid that separated out was 
repeatedly extracted with ether. Yield. 0-3 g¢. It crystallised from aqueous 
alcohol as bright yellow narrow rectangular plates melting at 239-40° (Found: 
C, 59-6; H, 5-4; CspHa9Og requires C, 59-4 and H, 5-C%). With ferric 
chloride in alcoholic solution it gave a light brown colour, It was easily 
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soluble in alcohol and also in aqueous alkali to produce a deep yellow solu- 
tion. 
3:5:7:3': 4:5’; : 6'-Heptamethoxy flavone (IV) 

The above dihydroxy compound (III) (1:0g.) was dissolved in dry 
acetone (25c.c.) and the solution treated with dimethyl sulphate (2-0c.c.) 
and anhydrous potassium carbonate (5¢g.). The mixture was refluxed for 
12 hours and the potassium salts were filtered off. The filtrate was con- 
centrated when the methyl ether separated out. It crystallised from alcohol 
as colourless rectangular plates melting at 160-61° (Found: C, 60:8; 
H, 5:8; OCHs, 49-8; Cs9H:,O, requires C, 61-1; H, 5-6 and OCHs, 50-2%). 
It did not give any colour with alcoholic ferric chloride and was insoluble 
in aqueous alkali. The mixed melting point with myricetin pentamethyl 
ether was depressed to 140-45°. 


6'-Hydroxy myricetin (V) 


The above dihydroxy compound (Il) (1-0g.) was dissolved in acetic 
anhydride (5-Oc.c.) and treated with hydriodic acid (2:0c.c.; d.1-7). 
The mixture was heated in an oil-bath at 150° for one hour. After dilution 
with water the solution was saturated with sulphur dioxide and the solid 
that separated out was filtered and washed with water. It crystallised from 
ethyl acetate as bright yellow plates which did not melt below 350° (Found: 
C, 54-1; H, 3:3; CysHi9O, requires C, 53-9 and H, 3-0%). 

With alcoholic ferric chloride the substance gave an olive-brown colour 
which later changed to brown. The substance was unstable in alkaline 
solutions and exhibited colour changes. With sodium carbonate solution 
(5%) the initial yellow rapidly turned red, green, pink and finally orange- 
brown. With sodium bicarbonate solution (5%) it turned green, greenish- 
yellow, greenish-brown, brown reddish-brown, pink and purple in two 
minutes; stable for one hour and the purple colour then slowly faded. With 
aqueous sodium hydroxide (5%) an immediate brown-red colour was produced 
which was stable for one hour and later slowly faded to brown. 

6’-Hydroxy myricetin (V) (0-5 g.) was methylated in dry acetone medium 
using dimethyl sulphate (2-0c.c.) and anhydrous potassium carbonate ac- 
cording to the procedure already described earlier. The product crystal- 
lised from alcohol as colourless rectangular plates melting at 160-61°. Mix- 
ed melting point with the sample obtained from (III) was not depressed. 


SUMMARY 


Para oxidation in the side-phenyl nucleus has now been investigated 
using potassium persulphate and 3’-hydroxy-3: 5:7: 4’: 5’-pentamethoxy 
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flavone obtained conveniently from cannabiscitrin. The resulting quinol 
on methylation yields 3: 5:7: 3’ : 4’: 5’: 6’-heptamethoxy flavone and on 
demethylation 6’-hydroxy myricetin which is the first example of a flavone 
having four hydroxyl groups in the side-phenyl nucleus. 
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INTRODUCTION 


IF it is assumed that the effective potentials between proton-proton and 
proton-neutron pairs in the 4S configuration have the same ranges, it turns 
out that the strengths of the potentials are also nearly the same. This result 
led Breit, Condon and Present (1936) to postulate that the specifically 
nuclear interaction between any pair of nucleons in the same configuration 
is the same. To incorporate this charge-independence in the meson theory 
of nuclear interaction, it is necessary to postulate the rdle of neutral mesons 
in such interactions (Frohlich, Heitler and Kemmer, 1938). It is clear that 
the forces originating from a purely neutral meson field would be exactly 
charge-independent. But such a theory would be unable to explain the 
saturation character of the nuclear forces. Moreover, the assumptions 
made about the mass and other properties of neutral mesons would be 
entirely arbitrary and there would be no connection between nuclear forces 
and cosmic-ray mesons, depriving the meson theory of the most beautiful 
and significant feature of Yukawa’s ideas. An alternative way to secure 
charge-independence, free from these defects, is that suggested by Kemmer 
(1938) in which charged and neutral meson fields are combined in a symmetric 
way. 


But, while the symmetric theory gives rise to an exact charge-independ- 
ence it is known that the proton-neutron 1S potential is somewhat higher 
than the corresponding proton-proton potential (Rosenfeld, 1948). Schwinger 
(1950) has shown that the magnetic interaction between the two nucleons 
adequately accounts for the observed difference if the nuclear potential 
resembles that of Yukawa. He also suggests, as pointed out earlier by 
Ramsey (1949), that a small difference is to be anticipated on the meson 
theory also as a consequence of electrical perturbations of mesons responsible 


— $$. 
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for the nuclear forces. The purpose of this paper is to estimate this differ- 
ence in the static approximation of the symmetric theory using pseudoscalar 
and vector mesons. 


The standard perturbation method has been used; the usual Hamiltonian 
representing the interaction between the meson fields and the nucleons 
being perturbed by the addition of a term representing the interaction 
between the meson field and the Coulomb field of the nucleons. The nota- 
tions are mainly those of Mdller and Rosenfeld (1940, 1943). 


PRELIMINARY 


The Hamiltonian representing the interaction of the meson field with 
the nucleons may be written as 


> 
H,,= 2 = To” grad@™ YW (x) (pseudoscalar) (1) 


= wm | _ 8a givcrey B(x) + 82 Gl rot™ UO (x. ' 
HH, =ZT div” F (x,) + a rot*”’ U (x,,) | (vector) (1’) 


ed 
where ¥ and —F are canonical variables representing the pseudoscalar 


and vector meson fields respectively and ® and U the corresponding conjugate 
momenta. A letter in bold-face type represents a vector in symbolic space 
having components along 1, 2, 3-axes corresponding to positive, negative 
and neutral mesons respectively. Two vectors occuring as factors without 
any sign between them imply a scalar product in ordinary or/and symbolic 
space as the case may be. uy is related to the meson mass M,, by the relation 
pe = Aes . fo, g, and g, are coupling constants between the meson fields 
and the nucleons; they have the dimensions of electric charge. The super- 
or sub-script » means that the quantity pertains to the mth nucleon. 
TT =(7,, 72, 75°”) is the isotopic spin vector of the ath nucleon 
chosen in such a way that the eigenvalue + 1 of 7,{”) refers to the neutron 
state and the eigenvalue — 1 to the proton state. 


The perturbation term is 


H, =f Preson Vo 42, (2) 


where V, is the Coulomb field of the nucleons and is given by 


Vo == Ss e. (3) 


E > > 
; . |x— x; | 











On the Charge Independence of Nuclear Forces 157 


> 
x; being the position vector of the ith nucleon. Pyeson iS the electric charge 


> 
density of the mesons at the point x;: 


Pmason (22) = z= (1 ¥2 — By P)) (4) 


=> >> r 
Pmeson (v) ~~ jo (Fis jai F,U,). (4’) 
To transform the Hamiltonian to the momentum space we choose 2s 


>> ed 
usual progressive plane waves u(k, x) = L~*? eikx satisfying periodic condi- 
tions in a cube of volume V = L®, the Cartesian components of the propaga- 


> 9 > 
tion vector k being integral multiples of C The vector k is connected 
> 
with the momentum p and the energy E of the meson by 
> > : _ 
Pp == Bk: E =ihce;, €z = (k? + 2), (5) 


> 
We introduce quantised amplitudes a (xk, j) referring to mesons of a given 


propagation vector k. The index j has the value zero for the pseudoscalar 
mesons and the values 1, 2, 3 for vector mesons; 1, 2 referring to two 
independent kinds of linear transverse polarisation, 3 to the longitudinal 
polarisation. The direction of polarisation is characterised by three mutually 


> > 
orthogonal (left handed) unit vectors e; (k). The meson fields may then 
be expressed as a superposition of such plane waves in the following way: 


1 fea €,\ is ae Ly . th teen 
“- =) et e; (k) (=) [a (k, j) w(k) + at (k, jyu* (k)] 


j= 


> : i 33> > Sjs > -* a + 
F— inf EE ve es(k)(E)” [a (k, j) u(k)— a (k f)u*(B] 
t 











. (6) 
y auf z Sak, 0) uk) + at (k, 0) u* 
2+ V €; ; ; 
k 
ic ; > “> > > 
o = ins Z Ve la (k, 0) u(k) — a (k, 0) u* ()] 
? J 
Vo may be put in the form 
Vo = a AS" oe with A*%, = A_y, (7) 


¥ 


‘ 
¥ 
¢ 
C 
« 


_ 
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- 
The commutation rules for the amplitudes a@ (k,j) are 


> > > °> 
[an (ki), Ohm (K's) = Sam (KF) 8,4, (8) 

all other pairs commuting. The operators 

> > = 
Nm (4: J) = 4m" (ks J) Gm CK. SF) (9) 
represent the number of mesons of kind j, propagation vector k and character 
e m with respect to electric charge. Ng is the number of neutral mesons, 
-. N, the total number of positively and negatively charged mesons. 
= get the numbers of positive and negative mesons separately by replacing 
the amplitudes a,, ao, by 


1 ; | , 
b,= V3 (a, + ids), b,= J? (a, — ids) (10) 


which obey similar commutation rules. Then 
N,’ =5;*b,, o = bby (11) 
are the numbers of positive and negative mesons separately. 


Using (6), (8), (10) and (11) we obtain in place of (1), (1’) and (2) the 
following expressions : 


(7) Je l ikx, 
Je lic yO ( ) ikXy 
= —_— | — — -7 7, Dizon 77,* Dora ae 7T2\") € 
Hees) rm  “ Ve nV 1k 2 “2kO y/ 2 3 sho) e 
n,k 
+ complex conjugate (12) 
ic » [® , k y > (# Sis, 
.“\ — ~ > / the & k — 
Hi) V ole V & Ps i ( ) ep I 
n,k 
25 ] +> > sg 6 
j= —... ii (ao G (k) (< } 
BV ep j=1 Be 
od 
+ (7) thx . 
TyDipj + 7,*Dog;-+ 72 73 43,;)e + complex conjugate (12’) 


a Sis , j?a 
H, =Aot+4 = iival yr (ey -,/2 HV (6x) 
“7 <% be ) 


(By x;Doxj;— ‘is ey - a conjugate} 


A OmOMn OKI 


{ (dig DY agj— Doge; bt 7) A?-?'+ complex conjugate} ] (13) 
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where 7, =4(7, — i7.™); b,,; and b.,; are operators representing absorp- 


tion of a meson of propagation vector k. polarisation j (j =0 means 
pseudoscalar) and with charge positive and negative respectively. The 
conjugates denoted by * have the corresponding meanings. e,=e(N,’— N,’ 
and A’s are the Fourier coefficients in the expansion of V, (eq. 7). 


PERTURBATION CALCULATION 


The perturbation of the interaction operator due to the perturbing term 
Hp is given by 


H’ 7 a Hje Ho, Hi; 


; “a (E,— E,) (E.— E,)’ (14) 


where H,;, H,; and H,, are matrix elements corresponding to the processes 
enumerated below (15); E,, E, and E, are the energies in the initial, first 
intermediate and second intermediate states respectively, E; being zero. 


In the following scheme k;* °*~- denotes a meson with propagation vector 


ry . . . 
k, polarisation j(j =0 means pseudoscalar) and charge positive or negative. 
n means the nth nucleon: 


(i) nemits k*;; Vg absorbs k*;, emits k*’;; n’ absorbs k’*+;, )E,— E; =jice, 
(ii) m emits k~;; Vo absorbs k-;, emits k’";,; 1’ absorbs ky JE,— E;= hice, 
(iii) n emits k*;; n° emits k’";; Vy absorbs k*;, k’ )E.— E;=iice, 

(iv) n emits k-;; n’ emits k’*; Vo absorbs k-;, k’+y JE,—E,;=he (e, + ey) 
(v) Vo emits k-;, k'*;;n' absorbs k’t;,; n absorbs k-;)E,— E;=iie (e,+ «€,) 
(vi) Voemits k+;, k’--; n’ absorbs k’-; n absorbs k";)E,— E;=jice, (15) 


The matrix elements representing the processes given in (15) are con- 
veniently written down with the help of the following abbreviations: Let 





2 s(n) Ie — — ott) Be k's , 
; —ikx £ o c’ —~ik’x, 
_— jfe a jpile. SP* ee ee ite it —€ ' 
wAV Ve ENV Vex 
€e ae €z e > — ep 
Be [tC = 16 
4 Vee,’ 4 Veve; (16) 






SePei tt PR AR Bt ¢ see re - 


nc 
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for the pseudoscalar case and 


> 
i3 , 5 —ik n 
a= Jr [2 [£ re ke e; (k) (E -) » jo aim , e, (k) oy "7 - ikx 


oo fF [vat (Ly hin ba (gee 
46 °, (k) en (k’) {af (Ey (yr - / (ey (ey 
cfabethJZ((P- fC} 00 


for the vector case. Then we have the following scheme for the matrix 
elements corresponding to (15): 


09 


ino 


(i) H,, =az,+; H., = BA®> = ; H,.=a'* 2,7 
(ii) H,, =a7,; H. = — BA*?_2; H,.=a’*n, 
(ili) Hy; =az7,*; Hy, =a7,,; H,=— CA*?.2 
(iv) Hy = az,,; Ho, =a7,,*; Hz = CA*?.2 
(v) Hy, =CAZ,2; H,, =a'*z,, Hj, = a*n,*; 
(vi) H,;= — CA}, 2; Hy, =a’ *z,,* ; H;.= a*r,, (17) 


Now with the help of (14), (15) and (17) we obtain 
fee y ae ) (Gi) h) (ey = €) , i (k’ . ’—kx,_) 
ez? €," 

(17,2 A*2_2 14 — 1,* A*?_ 2 2,) + 


>_> > 
(0 ’ ) (0 ky (ex — €&,) ae kx») 


egtey (ey + €) Aten (mt — Tata) 





>> >> 
> (m) Pn yp i al aie nit kx_) ; f 


‘ ; : > >> > 
Since the summation is to be performed for all values of k and k' (k <k’), 
. . . > — . 
positive and negative, we may replace k by —k in the first term; and 


“> o> 7 oy 
k by — k and k’ by — k’ in the second term of the summation on the right- 
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hand side of (18). This has the effect of making the exponentials and A’s 
i (Rye + Rem) 
i Xp’ + KX : P 

throughout uniform, namely, e * "and A>, respectively. 


Also from equation (7) 


> >> 
se —i(k+k)x . 
Avie = | Vo? dv 


V 
; > >> 
Aare yl— rg) i (K+ k’) x; 
a 2 € 
Vik+k'\** - 
Are 
= ———— {}, say. (19) 
VIk+k |? 


As we will finally go to the limiting case when the summation goes over into 


oe +> aa > 
integration, the restriction k « k’ and k 4 — k’ will loose significance. We 
ignore it from now onwards. So (18) may be written as 


f (0K) (0 B ( 

me*f,? of”) k’) (o k) (ey + €) 

H (bs) = > 2A V2 x ; [‘=- ae ae ans x (Ty {} ag ee { }7,*) 
poe .n ere |k + k’ |? 

> R&S a 


yy 


ys 


Code k) (o™ tk) (ee —«@ {} (ry 7* — my*t_) 
eg" ey (ey + €8) | k+ ke I’ 


© (7) ” ky > nt’) k ( (kx, ¥ 
ie i Xn t+ KXq 
BOM Eee Duy —actnu) {96 ” (20) 


eg” ey (€y > @)|k+ K\2 
The equation corresponding to (18) for the case of the vector mesons 
may be similarly written down. This involves an additional summation over 
j and j’ which it is convenient to perform before passing on to the result 


corresponding to (20). To perform the j and j’ summation it is sufficient to 
recall that by their definitions 


>> > >> > >> > + 

ke, (k) =k eg(k) =0; kes(k) =|k| °1 

> 3-3 >> > > >- > »> + >> ( ) 
k Xx e,(k) =|k|e.(k); k x eg(k) =—|k|e,(k); k x e3(kK)=0 

In order to pass to an equation corresponding to (20) where the exponentials 


3S od 
ss 4 “ i (k’xw + kXq 3 
and A’s have uniformly the vaiues e ' and AZ, respectively, it 


TEFR RST § Fee ems — 


inti 


= 


292 £33 
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is to be noted further that 


f 


je (— k) =e,(); ee(— hk) =— eg (k) 


e,(— k) = — e,(k); | or 


| > > a > 
e;(— k) = -- e, (k); e,(— k) = 2 (k) (22) 


if we consistently have a left-handed co-ordinate system attached to each 
vector k. The resulting equation is 


om > =a 
woe Sop tHE et e.g ELIE ay) 
(no wAcv? ned - ac a ee i > , s 
gd egey® |k +k’ |? e,-en |k + k’ |? 
Re 


> > 
/ €p€; ue |k\|k’ | Z 
- : “i en) > [2] f (7,,"" }7,— Ty)! + T,*) 


a ignge ( 
(eze,)*'* | k-+- k’ | 





Piety - re \ 
; { 2 kk (ex — €;) [ee ae |k||k | (ey — €,) 
ue 81 . ¥ > > - ne 52 give ~ cal ‘ > > 
€,7"€x (ez + ex) |\k+k'|* Ez" ey (eget ez) [A+ k’|? 


— igg, (V €zE2’ 5 hy Sane ) ; | k | |k' | = pit 
iT be V €ZEx! e,3!2 ex? (ey + e)|k+k’ 


(1) 


ft (aya,t— Ty*T,) 


LEWE Meo) 


— x 
S52 


L {2,°- __Kk (ex — «3) 1] 


ez” ep (ew + €,) [k +k? €z7 ey (ey + &,) \k +k’ |? 
res 2) __ 1508) ag 
B V ene €,2%@,,12 (€y-+ €,) \k 4 rae 


i(k'xe +k 
ie ate ae 
where 


1] = (2, He, RY fo"? &y (Ky {0 e5 K+ {es Wea (RH {0 ey HD} 


fo ey (K)} — (0, (ie) en (K'Y} fo €, (K)} {0 5 (K)} 


— fe, (k) e, (k’)} fo es (KY fo™ e (} (23) 























On the Charge Independence of Nuclear Forces 163 


[l’] = The same as (1) except that everywhere factors of the form 
>, > > > -->,> 
(ao) v') (o v) are replaced by (o” v) (ao) v’) (24) 
a ane PR els > 7? >S> >.> > 
[2] a {es (k) e, (k’)} {o! *) e,(k’) — {és (kK) és (k’)} fo” Ye, (k’)} 
A” tl Ae > 7-7?e > >. he 
— {e; (K) es (K')} {0 es (k)} -- {ez (A) es (k’)} fo e; (k) (25) 
MOopIFICATION IN !S NUCLEAR POTENTIAL 


The !S nuclear potential is derived experimentally by determining the 
phase shifts during low energy collisions of two nucleons when the predomi- 
nant part in the scattering is that of the s wave. The s state in the proton- 
proton case is pure and its normalised wave function, so far as the depend- 
ence on the charge and spin operators is concerned, is given by 


1 


where v,. and v_ are the eigenfunctions of o, and (wu, and) u_ those of 73, the 
eigenvalues in both cases being + 1 and — 1 resepctively. The s wave in 
the proton-neutron case is a mixture of singlet and triplet states whose nor- 
malised wave functions are respectively 


“7 (v0 v2) — Ay (2 9 (u, wi?) + yy.) (ag) (27) 
andy (001-4 1 MOAI SD, (UA UL — uM UL (FS) 28) 


It may be verified that the probability of transition between 4S and °S 


. States of the proton-neutron system represented by (27) and (28) respectively 


is zero for the operators given by (20) and (20’). Therefore the modifica- 
tion to the 1S nuclear potential is simply given by the expectation values of 
(20) and (20’) for states represented by (26) for the proton-proton system 
and (27) for the neutron-proton system. For a system of two nucleons, n 
and n’ in (20) and (20’) take the values 1 and 2. We will write down the 
results only. In the vector case use has been made of the formula 


{es (K) &, (R} fea (E) &a RY} — (61 () en RY} (60) es 
= es (k) es (k) (29) 


We denote by < >,, and < >, the expectation values for the pseudo- 
scalar and vector cases respectively, pp or pn put inside the symbol < > 


A3 
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meaning that proton-proton or proton-neutron system is referred to. n =n’ 
or n#n’ refer to the summation in (20) and (20’). Further, we use the 
following abbreviations: 





>, 
S = - y kk’ (€y — «) 
ea, 2 2 + oe 
ue &e Eplep + e,)| k +k’ |? 
kek’ eer 
S, = et zy _kk Sa (30) 
ee Gee |kK+k' |? 
oe > ->9 
= kk’ i(k +k )d 
am = | ee gg 
Re & éey (e, + ev) |k +k’ |? 
+> ‘ea 
Lor ik 
s a 2 sa ae 
Pe cep ELK |? 
> - > 
where d = xX2— X; 
The result is 
(i) n =n’ 
- 4ne*f,* N } 
<PP>p = hic (S, + 285) 
4me? (g,?+ 22,7) 
<p>» = wee (S, + 285) 
- 7S” 6g tag 4 
>a > whic (S, + 2S, + 4S8,) (31) 
qe" £ a4 23 a”) , 
Cm >, = - B! (S, + 2S, + 48,) 
(ii) nn’ 
<pP> p,=< pp >, =0 
ms _ __ 4ne*f,? 
22 (g.2 — Ie? 
<fi>.= dare (Si “82') S 


There occur two types of terms for n =n’; §, and S, which are inde- 
pendent of the nuclear distance and S, which depends on it. The former 
arise when the Coulomb field is of the same nucleon at which the emission 











~- = Hn =r oO 
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and absorption of mesons takes place. The latter arises when the Coulomb 
field is of the other nucleon. Both these terms cause modification in the 
self-energy only and are of no interest to us. The modification to the 
nuclear potential is given by the expression under nn’. We note that 
this is zero for the proton-proton system. 


: > > > 
We have now to evaluate S. Putting k+ k’ =K 


> ikd 
| eae kK-Be™* = 
=e — 
>> (k2 + 2) (k? +p? + K2 — 2kK cos kK)Y2 K? 


with the help of (5). To perform the summation over K first, we replace as 


met x by 1 { aK, dK being the element of volume in the K- 
Vi ° (20)8 
K 


> * 
space. Taking a fixed & as the polar axis so that KK = @, the polar angle, 


= 
ikd K=Ko>O n 


—_ l ye kK cos 6— k*) sin 0 dé d¢dK | 
~ (22)F V > (k? + py?) Rows p®+ K?— 2kK cos Qyue” 
K=0 6=0 


The ¢ integral is just 27. The aia over 4 may also be easily evaluated 
by substituting 


u =(k? + uw? + K? — 2kK cos 9)*, after which 





>> 
ikd K= Koco 





) a 2; Me SI [ (ME +k) (aK 2k KE 
— (HEE +k + K) (et w+ KH kK)" ] 4K 
which, on integration with respect to K, gives 
) ja 
$= ppery 2 (eras | (E+ wht KP 2K) ut Skt KA KK) 
: 
. — (k®+ 2+ K2— 2kK)"? (4u2— 8k2-+ K24+ kK)} 


= 





— (w?— 2k?) (k?-+- pts 
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ies p? _— pet K*4+ 2kKy!2+ (k2+ pt) + kK) 
(KEE p®)™® (REE p® K2— 2kK)Y=b (KEE p®) — KK) 


— 2k log {((k?+ w?+ K?+ 2kK)!"? + k + K) 
((k2+ p?+ K?— 2kK)"? + K — k)} ekeo 


ran ee ai [ (2k? : k3)— (u2— 2k?) (k2+ p2)¥? x 


2K, 


>2 212s FL 
log la 2 i — 4k log 25 


= (k?+ p2yee— k 
S, therefore, diverges as log Ky for large values of Ko. 


It can be assumed that for slow collisons the effective distance of approach 
— 


re ie ikd , nail 
between the two nucleons is of the order — or greater. e is thus periodic 
K 


; aa og (kit pet ky i, 
with a period of the order » or smaller; and log Uke ptt — KS is 


slowly varying function. So as an approximation we may replace the latter 





2 
by its value when ce — yr is small, that is by (k2 , 2 With | this 
approximation 

>> 
1/1, 12K) pkte 
a, es repos ) BP — 
sS= av; I log =) 2 oe + ph?) (33) 


k 
Substituting (33) in (32) we obtain the following expressions for the modi- 
fication in the 4S potential for the proton-neutron system: 


‘Ra 
1 
o2Ko\ fi? 1 ykte 
—— oo 34 
<P0> n= 3a he(3 + be Jar V2 Ore a: 
a 
l 
- = 2Ky 81" *— 2g2° 1 y k? e : 
or ae — 45-(5 + os we 7) 6 8 BaP (34) 
k 


The usual *S potential (‘SV) for both proton-proton and proton-neutron 
systems is, in our notation, given by 


kd. 

1 

Pa f*i k*e 

Ss Seer Apeaa Spec ae 

Vos p2 Vk + (35) 

2 

is 229,21 ke 

SY =>. CF. Se = ih 4 
v pe ve ke + 2 (35) 

‘ 
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A comparison of (35) and (34) shows that due to the electric perturbation 
of the meson field, the proton-neutron 1S potential is larger than the corres- 
ponding proton-proton potential, the relative difference being 

or 4 e? l , = 2K, 36 
=ic(3t bee =") (36) 
both for the pseudoscalar and vector mesons. Since (36) depends on the 
choice of the cut-off we may only expect a result showing the order of magni- 
tude of this relative difference. Taking Ky=2y as a plausible value of the 
cut-off, D = 0-005. 
CONCLUSION 


We may thus conclude that on Kemmer’s symmetric theory the 3S 
nuclear potential between a proton-neutron pair should be expected to be 
about 0:5% higher than that between the proton-proton pair on account of 
the perturbation of the meson field by the Coulomb field of the nucleons. 
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SUMMARY 


It is shown that if the electric perturbation of the meson field, responsible 
for the interaction between two. nucleons, be taken into account, the 4§ 
potential between a proton-neutron pair is about 0-5% higher than the corres- 
ponding potential between a proton-proton pair in the static approximation 
of the symmetric meson theory for the pseudoscalar and vector mesons. 
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In Part I of this series was reported an attempt to synthesise karanjin start- 
ing from 3-methoxy-7-hydroxy flavone and passing through the Stages indicat- 
ed by formule (I) to (IV). But there was unexpected difficulty and the 
synthesis was eventually accomplished by another route? which involved 
the construction of a chromone system on a coumarone unit; this general 
procedure has subsequently been adopted by others also. The first two 
stages (1) and (II) proceeded smoothly. Hydrolysis of the aldehydo-ester (II) 
with aqueous alkali seemed to produce also ring closure which was not noticed 
in similar but simpler cases.* That the product was the furan carboxylic 
acid (III) was suggested not only by analytical evidence, but also by the 
study of adsorption spectra and this is now confirmed by the lack of con- 
densation of the acid with dinitro-phenylhydrazine in acid medium whereas 
compounds (I) and (II) having free aldehyde groups yield hydrazones. 
Further evidence is now provided by the use of alcoholic sodium ethoxide. 
This reagent has been used to convert aldehydo-esters of type (II) into esters 
of the corresponding furan carboxylic acids of type (III) by simple ring 
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closure. In the present case when ester (II) is treated with this reagent 
furan ring closure takes place yielding a mixture of the furan carboxylic 
acid (III) and its ester. The ester on hydrolysis produces acid (III). This 
is found to be identical with the original product obtained by the hydrolysis 
of (II) with aqueous alkali and there is no doubt therefore about its con- 
stitution. The formation of a furan carboxylic acid (type III) besides its 
ester in the above condensation with alcoholic sodium ethoxide has also 
been recorded by others* in closely similar cases; but in the present case the 
yield of the acid is high. 


It was originally reported’ that the decarboxylation of karanjin-a- 
carboxylic acid (III) was not successful. This decarboxylation has now 
been carefully reinvestigated. When the acid is heated with acetic anhydride 
and sodium acetate for a number of hours and the product worked up, the 
major portion is found to be a complex substance soluble in alkali and a 
small neutral fraction consists of karanjin which is identical with the natural 
sample. A better yield of karanjin is obtained by heating the acid (III) 
with quinoline and copper powder though even here it is only a minor pro- 
duct. Thus the synthesis of karanjin by this route also, i.e., by building 
up a furan ring on the required flavone system, is now complete. This 
method was successfully adopted for the first time in the chromono-furan 
series for the synthesis of kellin® (VI) from 2-methyl-5 : 7-dihydroxy-chromone 


(V). 
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Recently we have had occasion to carry out the synthesis of other furano- 
compounds similar to karanjin. The conversion of aldehydo-esters of 
type (II) into furan carboxylic acids of type (III) by aqueous alkali seems 
to be fairly common and the decarboxylation of these acids gives only poor 
yields of the final furan derivatives of type (IV). 


EXPERIMENTAL 
1-Hydroxy-3-methoxy-flavone-8-aldehyde (I) 


This has now been obtained by a modification of the method of Ranga- 
swami and Seshadri,® 
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A solution of the 7-hydroxy-3-methoxy flavone (2 g.) in glacial acetic 
acid (24c.c.) was treated with hexamine (6g.) and heated on a water-bath 
for six hours. The hot solution became turbid on the addition of hydro- 
chloric acid (24 c¢.c, of 1:1 acid), After 10 minutes the solution was diluted 
with water (40c.c.), Next morning the pale yellow crystalline solid was 
collected and crystallised from glacial acetic acid. The aldehyde was obtain- 
ed as pale yellow minute needles melting at 222-23°. Yield 1-6 g. The 
phenyl-hydrazone crystallised from alcohol as yellow rectangular rods de- 
composing at 149-50°. The dinitrophenylhydrazone melted at 252-54°, 


Carbethoxymethy] ether of 7-hydroxy-3-methoxy-flavone-8-aldehyde (IT) 
A modification of the original method! has now been adopted. 


The flavone aldehyde (2 g.) was treated in acetone solution with ethyl 
bromacetate (4c.c.) and anhydrous potassium carbonate (12g.) and the 
mixture kept refluxing gently for six hours. The potassium salts were filter- 
ed off, the solvent was distilled off from the filtrate and the residue treated 
with water. Ether was then added, the mixture shaken up and the two 
layers separated. The ethereal layer was dried over anhydrous sodium sul- 
phate. On the distillation of ether a semi-solid mass was obtained which 
solidified in the course of a few hours. It crystallised from methyl alcohol 
in the form of prismatic needles melting at 116-17°. Yield 1-5g. The 
dinitro-phenylhydrazone melted at 150-52°. 


3-Methoxy-flavono-7 :8-furan-2'-carboxylic acid (Karanjin-a-carboxylic acid) 
(IIT) 


Method I.—A modification of the original method! has now been 
adopted. 


The carbethoxymethyl ether (II) (0-5 g.) was warmed with 5% aqueous 
potash (25c.c.) at 60° for about half an hour. The compound gradually 
went into solution forming a deep red liquid. It was allowed to cool down 
to the laboratory temperature and acidified wth dilute hydrochloric acid. 
A brown crystalline solid separated which was filtered and washed. It did 
not crystallise well from ordinary organic solvents and was originally puri- 
fied by making use of its sparingly soluble sodium salt.1_ It however came 
out in the form of rectangular plates from a mixture of acetone and petro- 
leum ether by slow evaporation and melted at 226-7°. Yield 0-3 g. 


Method IT.—Ring closure with sodium ethoxide. 


To a suspension of the carbethoxymethyl ether (II) (1 g.) in absolute 
alcohol (distilled over calcium metal, Sc.c.) was added sodium ethoxide 
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(0:1 g. of sodium and 4c.c. of absolute ethyl alcohol). The contents were 
shaken vigorously for about 10 minutes. There was a slight rise in tempera- 
ture. After 45 minutes excess of ether was added, the mixture stirred well 
and the solution decanted from the residue. The ether solution was washed 
with a little water (10 c.c.) and the washing added to the residue in the flask. 
More water (15c.c.) was added to dissolve the residue completely. On 
acidification a pale yellow solid was obtained from the aqueous solution. 
It crystallised from aqueous alcohol in the form of small rectangular prisms 
melting at 226-7° (yield 0-7 g.). It did not depress the melting point of the 
acid sample obtained by the treatment of the carbethoxymethyl ether with 
aqueous alkali. 


The ether extract was dried over calcium chloride and evaporated to 
dryness, when a colourless crystalline solid (0-1 g.) was obtained. On crys- 
tallisation from alcohol, it came out as bunches of needles melting at 158-60°. 
The yield of this compound (ester) was, however, not uniform (Found: 
C, 69:4; H, 4-7; C,H gO, requires C, 69-2 and H, 4°4%). The com- 
pound was insoluble in sodium bicarbonate and cold aqueous sodium hydro- 
xide and did not develop any colour with ferric chloride in alcoholic solution. 
When warmed with aqueous alkali (4%) it went into solution. On acidifica- 
tion a colourless crystalline solid, soluble in sodium bicarbonate with effer- 
vescence, was obtained. It melted at 226-7° and did not depress the melt- 
ing point of the acid obtained above. 


Decarboxylation. Synthesis of karanjin (IV) 


Method I.—The dry acid (III) (0-8 g.) was dissolved in freshly distilled 
acetic anhydride (25 c.c.) and refluxed with anhydrous sodium acetate (6 g.). 
After six hours the solution was cooled and added to alcohol (75c.c.) to 
decompose excess of acetic anhydride. Next morning the mixture was 
distilled and water added to the residue. The pale brown solid product 
was filtered and added to 2% aqueous alkali and stirred well. Most of it 
went into solution; the mixture was extracted with ether several times. On 
distilling off the ether from the extract, a colourless solid was obtained. It 
crystallised from alcohol in the form of colourless needles melting at 156-7°, 
When admixed with karanjin, isolated from Pongamia oil, the melting point 
was not depressed. Yield 45mg. (Found: C, 73-9; H, 4:0; C,,H,.0, 
requires C, 74:0 and Hj 4-1%). 


Method II.—The carboxylic acid (III) (0-5 g.), dried at 110° for two 
hours, was dissolved in absolute quinoline (25 c.c.) and the solution treated 
with copper bronze (0-5 g.). The mixture was refluxed for 45 minutes, It 
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was cooled, diluted with ether (100c.c.) and filtered to separate the copper 
bronze. The ethereal layer was successively washed with dilute hydro- 
chloric acid (1:1, 5 times), aqueous sodium hydroxide (4%, 3 times) and 
finally with water. It was then dried over anyhdrous magnesium sulphate 
and the ether distilled off when a brownish crystalline solid was obtained. 
It crystallised from alcohol (animal charcoal) as prismatic needles melting 
at 156-7° (yield 75 mg.) and did not depress the melting point of the natural 
sample of karanjin. Both dissolved in concentrated sulphuric acid to form 
pale yellow solutions; on warming they turned bright green. When a drop 
of ferric chloride solution was added to the cold sulphuric acid solution 
and warmed, a dark green colour with strong dichroic red was developed. 


Our thanks are due to the National Institute of Sciences of India and 
the Imperial Chemical Industries Ltd., for the award of a Fellowship to one 
of us (L. R. R.). 

SUMMARY 


The synthesis and identity of karanjin-a-carboxylic acid reported earlier 
is now confirmed and karanjin obtained from it thus completing the syn- 
thesis of this flavono-furan by the process of building up a furan structure 
on a flavone system. 
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A stupy of the refractive dispersion of d-, /- and dl-forms of borneol, 
camphor, camphoric acid, camphoric anhydride and camphor carboxylic 
acid was made in Part I of this series of investigations.! The values of the 
refractive indices in alcoholic solution were found to be, within limits of 
experimental error, identical for all the three forms. Further this equality 
was noticed to hold for a wide range of wavelengths in the violet, green, 
yellow and red regions of the spectrum. In the present paper we have made 
a study of the effect of unsaturation and of position isomerism in the dextro 
and racemic forms of aryl derivatives of imino-, and amino-camphors on 
their refractive dispersion. 


The variation of the refractive index of a substance with wavelength 

is given by the well-known Maxwell-Sellmeier equation : 
2 
nr=a+ Zz ee ; 

where ‘n’ is the refractive index for a particular wavelength A, A, is a wave- 
length characteristic of the substance, ‘ b)’ the refraction constant and ‘ a?’ 
another constant. The characteristic wavelength, A,, is supposed to repre- 
sent an absorption band. In the case of optically active compounds, the 
variation of rotation with wavelength is also connected with the position 
of an absorption band or bands in the ultra-violet region given by the Drude 
equation : 


k 
[ec], 7 2 A? — et 


The values of A,, the “ Characteristic” wavelength, deduced from rotatory 
dispersion? and refractive dispersion measurements are nearly equal; in 
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other words, there is a very close agreement between the position of the 


ultra-violet absorption bands deduced from refractive and rotatory dispersion 
data. 


In the one-term Drude equation for substances exhibiting “ simple ” 
dispersion the elimination of the influence of dispersion for the proper corre- 
lation of the rotatory power with chemical constitution can be effected by 
making A?—A,)?=1. For this value of A, known as the “absolute wave- 
length’, the specific rotation, [a], becomes numerically (not dimensionally) 
equal to the rotation constant, ‘k,’. The value of k, may be regarded as 
a measure of the absolute optical rotatory power of the substance for the 
wavelength A, where A = +/1-+),?, in which the effects of dispersion are 
eliminated. In the same way (Table J), it is possible to eliminate the effect 
of dispersion in the study of refractive index by substituting A* — A,?=1 sq. 
micron in the simplified Maxwell-Sellmeier equation so that the value of the 
‘absolute refractive index” is given by 


Nae = Va? + by FAD 


We have now made a study of the aryl derivatives of imino- and amino- 
camphors (d- and dl-) with the object of finding out the effect of substituting 
a methyl group for a hydrogen atom in the ortho-, meta-, and para- 
positions of the benzene nucleus and of breaking the conjugation between 
the carbonyl and the azethenoid groups and the benzene ring on their refractive 
index in the visible region of the spectrum. 


EXPERIMENTAL 


The compounds were prepared and purified by the methods described 
by Singh and collaborators.” * 


The refractive indices were determined with a Pulfrich Refractometer 
maintained at a constant temperature of 38°C. The concentration of the 
solutions in absolute alcohol was one per cent. (namely, one gram per 
100 c.c. of solution). The light sources used consisted of a hydrogen dis- 
charge tube for wavelengths H¢s¢3, Hsgzg and Hy4sg:; mercury arc for wave- 
length Hg54q, and sodium flame for Nasgg3. For the arylaminocamphors, 
a sixth line, Hgy43s9, is also taken. 


The experimental results are given in Tables II to IX. A summary of 
the results is given in Table I. 











The Refractive Dispersive Power of Organic Compounds—IIT 175 


TABLE | 


Comparative Tabular Statement of Values of (\) “ Absolute” Molecular 
Rotation Constant (K,) (Drude Equation); (2) “* Absolute” 
Refractive Index (Maxwell-Sellmeier Equation); (3) the Wavelength 
of the “ Characteristic”? Absorption Band (A,) from Drude and 
Maxwell-Sellmeier Equations in A°.U. 





\ 



































1 2 | 3 | 4 5 7 8 
Pues = Sac es | Ee 57 aero es ees Sree 
| | 23 _ ’ ® i z 
eB jeryy 195° _ ae... jee =o] ¢€ |3s 
| St [M}>,.= 40 Va? +45(1 +3) 3 > EPA = oo ® ae 
r = Drude | leieiee . BMsSt S/O OMY Eg 
Compound 2S ie ( . | (Maxwell-Sell- |t& Elms ois Ouls So 
|£g Equation) for | meier Equation) | 23 =/~s"|~ 6 &/55% 
~ N=V 142 for <é AR Seguro” 
| ) s=viewg [9 | #8] ¢ fA 
ees, oF ee, eee Lee ers . oe 
\ CHK | SY Une 309 +4 1-3520 | 3821 | 3804 | 3812 | +17 
A=x<_> | 
2 CoH | — ortho 221-8 1+3518 3845 | 3824 | 3835 | +21 
Neco | 
pad | | a 
c=x-€ > | | | | | 
SCH | —~ meta} 295-2 | 1.3518 | 3962 | 3989 | 3975 | -27 
co CH | 
‘on ; | | 
Jo aNK S—cH,; | | | | 
. CHAI para 375°8 | 1-3515 3947 | 3915 | 3931 | +32 
| | 
CH-NH—C » | | 
A | —? ms. 721 | 1-3522 | 2748 | 2737 | 2743 | +11 
co | 1 | | 
a \ } | | 
cH—-Nu-<_) | | | | 
8 CsHiiC | _ | ortho 65-27 | 1-3513 | 2040 | 2030 | 2035 | +10 
_ CH; | | | | 
| 
/CH-NH-K » | | | | | | 
7 Cot | —— | mete | 74°25 1-3511 2114 | 2131 | 2122 | -17 
CH; | | 
a," | | _ 
CH—NH— —CHg | | | | 
8 CHC | eeweill para | 63-8 | 1°3515 2417 | 2378 | 2398 | +39 
| 














* These figures in columns 3 and 5 are taken from Singh, B. K. and Singh, K., 
Unpublished results. 
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TABLE II 
Refractive Dispersion of d- and dl-Phenyliminocamphors 
a’ 
Cetin | 4 
a? = 1-803 + —: see \Z= 0-1447; Ay = +3804 
t[ah” = eta AZ= 01460; Apo = 0-3821 
woke ) oan : , , 
tno | id nd — te fuy nym Me 
] | | | 
Hoses ..| 13547 | «163546 =| «= -0-0001 S| Ss 13545 =| «= 0-002 
Nassos ..| +3560 | 1-3561 ~0-0001 1-3560 +0-0000 
| 13560 | 2+3560 | — 40-9000 | 1.3661 +0-0001 
Hgs461 ..| 1+3580 | 1+3580 +0-0000 | 1+3579 —0-0001 
Hew ..| 193698 | 1-3626 —0-0002 Je i 1+3627 —0-0001 
| J 








+ The rotatory Sentten equations in Tables II to IX are taken om Singh, B. K. and 
Singh, K., Unpublished results. 

tn, denotes refractive index calculated from the refractive dispersion equation ; mg and 
ny Stand for the refractive index for the dextro and racemic forms respectively. These 
abbreviations apply to Tables II to IX. 


TABLE II] 
Refractive Dispersion of d- and dl- Ortho Tolyliminocamphors 


“<> 








CHC I i 
2 _0-02058A° | os 9. = 
n? = 1-8088 + 535-1495" AZ=0-1462; Ay = 0-3824 
38° 87-0 a — ’ = Oc 
(2), = ¥—0.1478* A2= 0-1478; Ay = 0°3845 
Nc md Nd-Ne | ny | Rhye 

Rin | 153546 | 13546 = |S £00000 1:3547. | — +0-0001 
Nasaos |  1-3562 | 13561 —0-0001 | 1+3561 —0-0001 
Hys76 | -163562—«|~Ss1-8560 -0-0002 | 11-3559 |  ~0-0003 
Hgss01 | 198580 | 11-3580 | +0-0000 | 1-3581 |  +0-0001 


a | 13680 «=| = «1-3631 «=| «= +0000 «=| ~Ss 1-360 +0-0000 











TABLE IV 


Le = ma > 
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Refractive Dispersion of d- and dl- Meta Tolyliminocamphors 





























CaHisd | | 
co CH, 
‘ 0-01603,? . 
c= . —_—__—_—_______* = 7 © X = . 
n? = 1-8087 + —2—p-as01 AZ = 0-1591, 9 = 0-3989 
as _ 115-8 ia a ig 
[a], 29-1570 * AZ = 0-1570; Ag = 0-3962 
| 
| Ne nd nd — Ne ny ty— Ne 
| 
Hyse3 1-3543 1-3545 +0-0002 1-3545 +0-0002 
Nassos 1-3558 1-3559 +0-0001 1+3559 +0-0001 
eins | 1+8559 1-3560 +0-0001 1+3561 +0-0002 
Hg; 461 + 1-3576 1-3580 +0-0004 1-3580 +0-0004 
Huser .-| 13631 1-333 +0-0002 1-3630 —0-0001 
TABLE V 
Refractive Dispersion of d- and dl- Para Tolyliminocamphors 
ip: 
c=N-< cH, 
CsHig 
0-01982a? 
2 = . ——_——_—_ 3 2 a 15 = - 
n? = 1-803 + So—Taae AZ = 0-1533; Xo = 0-3915 
38° ie 147-4 ° 3 = e “in 
en = ea Ee h2 = 0-1558; Xp = 0+3047 
| Ne | nd Nd— Ne ty | ny Ne 
| 
Heses .-| 153543 1-3543 +0-0000 | 1 +3545 +0-0002 
Naseo3 1-3560 1-3561 +0:0001 | 1-3561 +0-0001 
| | 
Hssrs 1+3560 1-3568 -0-0002 | 1+3560 |  +0-0000 
Hg5461 1+3579 1+3580 +0-0001 1-3581 |  +0-0002 
Mises 1-3635 1+3633 —0-0002 | 1-3635 +0-0000 































a2 


wisié 
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TABLE VI 


Refractive Dispersion of d- and dl- Phenylaminocamphors 


-H-NH—-2 > 
/cH-NH 





























CHK | \— 
co 
' 0-05434,7 _ — . 
un? = 1-708 + —3—p oan! AZ = 0-07493 ; \gl= 0-2737 
ae __ 29-78 Ria Bl. exits 
[2], = ar \2 =0-07551 ; No = 0+2748 
| | 
nN, nd | Rd Ne uy tye 
_ 1+ 3550 1+3549 —0-0001 1+3550 +0-0000 
Nass9 1-3563 1-3563 |  +0-0000 1-3562 —0-0001 
een 1-3563 | 1+3565 | +0-0002 | 1-356 +0-0002 
Hg5461 1-3575 | =1-8575 =| «= +0-0000 | 1 +3575 +0-0000 
Hy4361 1+3600 | 1-3602 | +0-0002 1-3603 +0- 0003 
| 
Hgass0 1-3638 | 1.3638 +0-0009 1-3639 +0-0001 
TABLE VII 
Refractive Dispersion of d- and dl- Ortho Tolylaminocamphors 
CH-NH— 4 
CsHisK | 
co CH, 
on 0-1494,7 _ és _ 
n? = 1-6108 + see AZ = 00412 : ho = 0-2030 
354 oe 25-4 : . " — 
[a], = ee \2 = 0-0416; Ao = 0-2040 
Ue | nd td Ne ny ity = fc 
pares De ae eae 
 — 1-3549 1+3547 | —0-0002 1-3549 +0-0000 
Nasso3 1-3565 1+3565 +. +0000 1-3564 —0-0001 
Hss76 1-3565 1-3566 | +0-0001 1-3564 —0-0001 
Hgs261 1:3579 | 1+3579 | +0-0000 | 13580 +0-0001 
isin 1-3607 1-3608 | +0-0001 | 1:3609 |  +0-0002 
Hg4a59 1-3643 1-3644 | +0-0001 | 1-3642 —0-0001 
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TABLE VIII 


Refractive Dispersion of d- and dl- Meta Tolylaminocamphors 





























CH -NH—¢ 
in) 
co CH, 
— | 0 -1275a° . i A : - 
n? = 1-6926 + \2=0-04541; Ap = 0-2131 
35° __ 28:89 2 = 09-0447; - 
[a], = = 0-084T AZ = 0°0447; AN» = 0-2114 
‘aoe ) - ? 
Ie | na | nde ny Ny Ne 
| 
a ..| 153546 1-3545 —0-0001 1 +3546 +0+0000 
Naseos | 1+3561 1-3562 +0-0001 1-3561 +0-0000 
ee ..| 13562 1.3562 +0-0000 1-3560 —0-0002 
Hg5s61 ».| 18575 1-3575 +0-0000 1-3576 +0-0001 
ices .| 18602 1+3605 +0+0003 1-3604 +0-0002 
| 
Hgysso -| 1.3638 1-3637 ~0-0001 1-3638 +0+0000 
TABLE IX 
Refractive Dispersion of d- and dl- Para Tolylaminocamphors 
/CH-NH-K—CH, 
CHC | —/ } 
co “ 
| 
0-09170A2 be 
z= . -_— H ( 2= . 4 = . vel 
a? = 1.7207 + ST eaee \2= 0:05656; Ao = 0-278 : 
y 
24-82 a : 
la} = a AZ = 00584; Ag = 0+ 2417 
| Ne | td Ntdate tty iy = Ne 
_—_ cf Semen . | ri 
| 
Rises wo) 168547 1+3547 +0-0000 1-3547 +0+0000 
| | 
Nassys | 11-3562 | 18661 | -0-0001 | 11-3862 +0-0000 
— | 13562 «| = 13560 | «= —0-0002 1-3561 —0-0001 
Hgs461 w.| 163575 | 1-3575 |  +£0-0000 1-3574 -0-0001 
| | 
Te ..| 1+3608 | — 1-3606 | +0+0003 13605 +0-0002 
| | 
Hgsss0 ++] 13639 | 1+3638 | —0-0001 | 1+3639 £0-0000 
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DISCUSSION 


Table I gives the effect of substituting a methyl group for a hydrogen 
atom in the o-, m- and p-position of the benzene nucleus in phenylimino- 
camphors and their reduction products. We find that phenyliminocamphor 
and the o-, m- and p-tolyliminocamphors have practically identical refractive 
indices for the wavelengths studied. The same is the case for the amino 
compounds. It thus appears that the position isomerides do not have any 
appreciable effect on refractive dispersion unlike rotatory dispersion. 


Effect of Conjugated Unsaturation on Refractive Index 


It is well known that Thiele’s conjugated double bonds are associated 
with enhancement in the value of the refractive index. In the substances 
investigated in the present work, the conversion of an aryl imino compound 
to the corresponding amino derivative—involving the breaking of conjuga- 
tion of double bonds between the carbonyl group, the azethenoid group 
and the benzene ring—does not produce any noticeable depression in the 
refractive index. This result is in remarkable contrast with the phenomenal 
decrease in rotation which accompanies the breaking of the conjugation of 
double bonds present in the aryl iminocamphor derivatives. 


Characteristic Absorption Bands 


In the earlier papers’) we have shown that the characteristic absorp- 
tion bands, A, s, derived from the Drude equation for rotatory dispersion 
and from the Maxwell-Sellmeier equation for refractive dispersion are 
almost identical in magnitude and therefore lend strong support to the view 
that these wavelengths represent real absorption bands which may be 
associated with electrons responsible for optical and refractive activity. In 
some cases where direct absorption measurements have been made, as for 
example, camphors,° these values of Ags, deduced from dispersion equations, 
were found to be identical with the wavelengths of actual absorption bands. 
In the results now presented and summarised in Table I, the values of A,s, 
as deduced from Drude? and Maxweil-Sellmeier equations, are identical 
within experimental limits. The differences in the value of A, (Table I, 
column 8) from the two methods lie between 10 to 39 A°.U. 


The refractive indices of the optically active form and the racemic 
modification are identical. 


There is, however, a phenomenal fall in the value of A, on passing from 
the imino to amino derivatives as deduced from dispersion data (Table 1) 
and may be ascribed to the breaking of the conjugation between the azethe- 
noid and carbonyl groups and the benzene ring which takes place when the 
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imino compounds are reduced to the corresponding amino derivatives, In 
the case of the phenyl compounds, the mean fall in the value of A, is 
1069 A.°U., while for the ortho tolyl compounds it is 1800 A°.U., for the 
meta 1853 A°.U. and for the para 1533 A°.U. We thus see that the “ charac- 
teristic’? absorption band has been shifted from the near ultra-violet to the 
far ultra-violet region of the spectrum. 


The abovementioned results seem significant: the study of rotatory? 
and refractive dispersion! * thus enables us by measurements in the visible 
region of the spectrum to calculate the position of the “characteristic” 
absorption bands in the far ultra-violet which is ordinarily difficult of experi- 
mental investigation by the technique of absorption spectroscopy. The 
problem is in a way similar to the determination of infra-red bands by Raman 
Effect, which allows the measurement of the characteristic rotational and 
vibrational frequencies of the molecules. These frequencies usually have 
low values and therefore lie in the infra-red region of the spectrum where 
experimental difficulties were also a hindrance in their determination. The 
Raman Effect solves this difficult problem for, as is well known, the same 
frequencies, subject to certain exceptions, can be obtained from Raman 
displacements of the scattered radiations, the wavelengths of which can very 
well be in any convenient region of the spectrum, e.g., the visible or the 
quartz ultra-violet. 

SUMMARY 


1. The refractive indices of several aryl-imino and -amino compounds 
have been determined in 1 per cent. alcohol solution for 5 or 6 wavelengths 
in the visible region of: the spectrum. 


2. The values of the refractive index for the d- and d/-forms have been 
found to be identical. 


3. The effect of the substitution of a methyl group for a hydrogen 
atom and of position isomerism on refractive index is negligible. 


4. The values of A, determined from the Drude and Maxwell-Sellmeier 
equations were found to be nearly identical. 


5. The effect of breaking the conjugation of double bonds between 
the carbonyl azethenoid groups and the benzene ring of the arylimino- 
camphors—resulting in the production of the corresponding amino deriva- 
tives—is to lower their “* characteristic” wavelengths (A)s) very considerably. 
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6. The application of rotatory and refractive dispersion in the visible 
region of the spectrum for the study of absorption spectra work, especially 


in the far ultra-violet, has been discussed. 
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1. INTRODUCTION 


THE thermal scattering of light in crystals was established as an observable 
phenomenon by Sir C. V. Raman in 1922. In the same year appeared a 
theoretical paper by L. Brillouin (1922) in which the diffusion of light in 
a material medium was regarded as a “ coherent reflection” of light waves 
by the sound waves of thermal origin traversing it, and it was shown that 
the reflection should be accompanied by shifts of frequency in the nature 
of a Doppler effect, which vary with the direction of observation of the 
scattered light and with the frequency of the incident light. Such shifts of 
frequency are identical with the frequency of the sound waves which are 
effective in scattering along the particular direction of observation. Hence 
they may also be regarded as a species of Raman effect. Their magnitude 
is, however, very much smaller than those associated with the infra-red 
vibrations of the crystal and hence much more difficult of observation than 
the latter. Indeed, the experimental proof of their existence followed and 
not preceded the discovery of the Raman effect in 1928. 


Ever since, several investigators, notably Mandelstam, Landsberg and 
Leontowitsch (1930), Tamm (1930), Mueller (1938), Gross (1938, 1940), 
Bhatia and Krishnan (1948) and Kastler (1949) have considered the theory 
of thermal scattering of light in crystals. Along any specific direction, there 
are three types of elastic waves travelling with different velocities and the 
Doppler shifts depend on these velocities. Further, since the waves effect- 
tive in scattering along a particular direction are either approaching or 
receding, the picture that is generally accepted at present appears to be that 
there are only three doublets or pairs of Doppler-shifted components in the 
light scattered in a crystal whether birefringent or not. Such a conclusion 
is true for singly refracting crystals (or media) but, in general, not true for 
doubly refracting or birefringent crystals, because the Doppler shifts depend 
on the velocities of the incident and the scattered light waves inside the crystal 
and in each direction, there are two possible velocities for the light waves. 
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The effect of birefringence specifically on the Doppler components does 
not seem to have been considered till now. In this paper, the theory of 
thermal scattering applicable to birefringent crystals is worked out in detail 
and the new and extremely interesting results obtained are presented. The 
results of the previous investigators are thereby derived as a special case 
when the birefringence is absent. The present theory is for convenience 
divided into two sections. Th: expected number, frequency shifts, and 
polarisation characteristics of the spectral components of the scattered light, 
in a general case, are dealt with in the present paper while the theoretical 
evaluation of the intensities of the various components will be considered 
in a later communication. To derive the results, one can proceed either 
on the basis of quantum ideas or of classical wave theory. 


2. DERIVATION UsING QUANTUM THEORY 


The treatment of scattering on the basis of quantum theory has been 
worked out by Tamm (1930) (applicable only to singly refracting media). 
Using similar ideas, we consider a collision process between the quantum 
of light energy or photon and the quantum of the elastic energy or phonon. 
Let the direction of the incident light wave be I’CI and that of the 
scattered wave be CS, the angle of scattering being 9 (Fig. 1). 


if 








Fic. 1. Quantum picture of scattering 


The momentum of a photon is given by dividing Planck’s constant 
h by the wavelength of the light and is in the direction of the wave normal 
inside a birefringent crystal. For any particular direction of propagation 
of light, there are two possible wavelengths corresponding to the two pola- 
rised components, the wavelength of the incident (or scattered) wave being 
given by A/n; (or A/n,) where n; (or 7,) is one of the two possible values of 
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the refractive index of the crystal for the incident (or scattered direction) 
and A the wavelength of light in vacuum. Therefore, the momenta of the 
incident and of the scattered photons are given by An,/A and hn,/A. Simi- 
larly the momentum of the phonon is //A, where X, is the wavelength of the 
elastic wave. If now these momenta are represented vectorially by 


7 i > 
CI, CS and IS the conservation of momentum in the collision process 
can be expressed as 


> -> > 

CS=CI+IS. (1) 
This vectorial equation is really equivalent to three conditions. Firstly, 
all the three vectors lie in a plane, i.e., the wave normals of the incident and 
scattered light and that of the elastic waves should lie in a plane. This is 
analogous to the law of reflection (or refraction), viz., that the incident and 
reflected (or refracted) wave normals lie in the plane of reflection (or refrac- 
tion). The other two conditions are that the momenta resolved (a) paralle] 
and (b) perpendicular to [S must be conserved. Let CN be drawn per- 
pendicular to 1S and make angles @; and @, with CI and CS respectively. 
Then we have 


h_ hn,;sin6; _ hn, sin 6, 





x, oo ee (2) 
hn; = = a. (3) 
Therefore, 
n; sin 9;+ n, sin 0,= A/A, (4) 
n; cos 9;— n, cos 8,=0 (5) 
Squaring and adding (4) and (5), we have 
n+ n,2— 2n; n, cos (8;+ 9,) = A*/A,” (6) 
and from Fig. 1, 0;-+ 0,= @ (7) 
Therefore, 
AA, = Vn2+ n2—2n, n, cos 6 (8) 
The conservation of energy in the collision process gives 
hv, =hv; +h Ves (9) 


where v,, v; and v, are the frequencies of the scattered and incident photons 
and of the phonon respectively. The frequency shifts Av are, therefore, 
given by 


Av=v.— y= », 


(10) 
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But v,=v,/A, and v=c/A (11) 


where v, is the velocity of the elastic wave, c is the velocity of light in vacuum, 
and v=v; = », since v, in equation (10) is very small compared to », 
From (8), (9) and (10) we have 

A vo/v= + (v,/c) Vn? +1? —2 n,n, cos 8. (12) 
(5), (7), (8) and (12) are the fundamental equations required to analyse the 
characteristics of the scattered radiation. However, thermal scattering is 
of macroscopic origin and consequently, it would be more appropriate to 
derive the results on the basis of the classical wave theory. We proceed 


to do so following a reasoning similar to that employed by Brillouin (1922) 
for singly refracting media. 


3. CLASSICAL WAVE THEORETICAL DERIVATION 


Let the monochromatic radiation be incident along any specified direc- 
tion I’ CI (Fig. 2) and consider how an elastic wave in the crystal disturbs 
the incident light wave. The elastic wave causes periodic stratifications in 
the crystal in which the density and anisotropy and consequently, the refrac- 
tive index are also varying periodically with the frequency of the elastic wave. 
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Fic. 2. Wave picture of scattering 


To find the effect of these changes in refractive index on the incident light 
wave, let us consider a plane containing I C and CS where C S is the direc- 
tion of the scattered wave and let N’ N be the intersection of a stratification 
with the plane of scattering T. Then the volume elements lying on this 
stratification will contribute to scattering in the direction CS only if there 
is coherence of phase of scattering by all of them. For this to happen, 
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the conditions are (a) that the stratification should be normal to the plane 
of scattering and (b) that it should make angles ¢; and 6, with CI and 
CS such that 


n; cos 8;=n, cos 4, (13) 
0, + 0,=8 (14) 


This condition is similar to the well-known law of reflection in an aniso- 
tropic medium or of refraction which in the more familiar form is 


n; sin d,=n, sin ¢,, (15) 


where ¢; and ¢, are the angles made by the incident and scattered wave 
normals with the normal to the elastic wave. 


We have, however, to take into account also the light scattered by 
stratifications such as N,’ Ny, N,’ No...... Each plane will contribute 
very little and the nett effect will be appreciable only when the individual 
contributions are all in phase. Let I, C, be the portion of the light wave 
incident on the volume element C, lying on the next stratification N,’ N, 
at a distance A, from N’N. Then the required condition for coherence of 
phase is that the difference of paths I,’ C, S, and I’ C S is an integral multiple 
of the wavelength A of the incident light wave. Draw the normals C a 
and Cb on I, C, and C, S, respectively. 


aC, b=aC,+ C, b= (n; sin 6;+ n, sin 6,) A,=p A, (16) 
where p is an integer. 


But, there is a continuous sequence of stratifications like M’ M between 
N,’ N, and N’ N with the change in refractive index varying sinusoidally. 
The elastic wave, therefore, behaves like a sinusoidal three-dimensional 
grating and there can only be one maximum produced, namely, the first. 
That is p=1 and 


n; sin 6;+- n, sin 6,= A/A.. (17) 


The equations (13), (14) and (17) are the same as (5), (7) and (4) respectively 
and thus it is seen that the conditions for coherence of phase in the wave 
picture are identical with those necessary for the conservation of momentum 
in the quantum picture. From (13), (14) and (17) we get as before equa- 
tion (8). These equations give the wavelength and the direction of propaga- 
tion of the elastic wave effective in light scattering. Since the frequency 
of local fluctuations of refractive index of the elements on various stratifica- 
tions is the same as that of the elastic wave, being v,/c, the frequency of the 
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scattered radiation would be altered to »+v,. The frequency shifts of 
the scattered wave are given by 


A v/v= +4,/A,= + (v,/c) Vn + n,?— 2n, n, cos 8 (18) 
from (8) and (11). Equation (18) is the same as (12). 


The wave picture thus yields results identical with those obtained from 
the quantum picture and this is to be expected since the frequency shifts 
involved are very small. We proceed to analyse the results obtained. 


4. NUMBER OF DOPPLER COMPONENTS 


For given directions of incidence and of scattering and consequently, 
the scattering angle 0, m; and n, can each take two values in general. This 
is generally true, for instance, in a birefringent medium or an optically active 
isotropic medium or in a medium possessing both birefringence and optical 
activity and also in crystal placed in a magnetic field, for in every one of 
these cases two polarised (in general, elliptically) waves are propagated in any 
direction. There would therefore, be four pairs of values for (;, n,) and hence 
from equations (5), (7) and (8), four sets of values for @,, 9, and A,. Thus 
the wavelengths as well as the direction of the elastic wave effective in scat- 
tering is fixed for any particular pair of values n; and n,. But along this 
direction, there are three types of elastic waves with the same wavelength 
A, but with different velocities v, and frequencies v, From equation (12), 
it is thus seen that there must in general be 2X23 = 12 values for the fre- 
quency shifts |Av|. Therefore, the light scattered by a birefringent crystal 
like calcite, must consist of 12 pairs of Doppler components. The possi- 
bility of such a large number of components has not been previously envi- 
saged. The general characteristics of the components are given below and - 
then it is shown how the number of components reduce in special cases. 


5. RECIPROCAL RELATIONS 


Equations (5), (7), (8) and (12) are symmetrical with respect to the 
suffixes i and s. Consequently, if the directions of incidence and of scatter- 
ing are interchanged, the frequency shifts of the various components would 
remain unaltered. Now such an interchange can take place in two ways. 
Referring to Fig. 1, (a) the direction of incidence can be S’ C and that 
of scattering CI or (b) these directions can be in the opposite senses $C 
and Cl’. The first definition (a) is to be preferred since the sense of propaga- 
tion is kept the same as in the original experiment and the velocities of the 
light waves (i and s) and hence n; and n, are only interchanged. On the 
other hand, in certain cases, e.g., when the crystal is kept in a powerful 
magnetic field, the velocity may be different when the direction of propaga- 
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tion is reversed and in such a case, the second difinition (b) may lead to 
difficulties. The two experiments for which the interchange takes place 
according to definition (a) may be called reciprocal experiments and the 
result mentioned above may be stated in the form “‘ Reciprocal experiments 
yield the same results’. 


6. POLARISATION CHARACTERISTICS 


For given directions of incidence and of scattering, the two (orthogo- 
nally) polarised incident light waves may be designated A and B and the 
two (orthogonally) polarised scattered waves P and Q. Since either inci- 
dent wave A or B can in general, give rise to either scattered wave P or Q, 
the scattered radiation consists of four “‘ species”’ P,, Q,, Py and Q,, each 
with a distinctive polarisation character. For each species, the pair of values 
(n;,n,) is fixed and hence also the direction of propagation and the wave- 
length of the elastic wave effective in giving rise to it, and in general, both 
these quantatives vary for the different species. Each species consists of three 
pairs of Doppler components due to the three elastic waves. Now the 
different species can be separately studied by the use of proper polarising 
devices. For example, by the use of polarising devices in the scattered path 
(P, + Py) and (Q, + Qs) can be separated or by the use of polarising device 
in the incident path (P, + Q,) and (P, + Q,) can be separated. However, 
to study all the four species individually, it is necessary to use at least one 
polarising device in the incident and another in the scattered path. In the case 
of a birefringent crystal without optical activity, the proper polarising device 
would be a double-image prism which can separate the two plane polarised 
components (of the incident or scattered wave). This technique would be 
similar to that employed by Krishnan (1935) to study the Krishnan effect. 


It is interesting to remark that the possibility of four species of Doppler 
components in birefringent crystals is analogous to the four reflections that 
can occur in a total reflection prism cut arbitrarily out of such crystals. 


7. DIRECTION OF THE ELASTIC WAVE FRONT 


For each species the direction of the normal of the elastic wave effec- 
tive in scattering and hence the wave front N’ CN (Fig. 1) is uniquely 
determined. Now there are two distinct possibilities for the position 
N’ CN with respect to I’C and CS. Ifcos @< n,/n, and n,/n;, N lies outside 
the internal angle of scattering I C S = 9, while if cos @> n,/n, or_n,/n;,, N'C N 
lies outside the angle 9. These two cases are represented in Figs. 3a and 
3b respectively. In the first case the scattering may be regarded as 
“coherent reflection” of light waves from the appropriate elastic waves, 
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In the second case, however, the scattering of light must be regarded as 
** coherent refraction” of light waves by the effective elastic waves. Examples 


I ] 











(a) Coherené reflection (4) Coheren€é refraction 
Fic. 3 


of this case will be given later on. The limiting case occurs when 
cos 8=n,/n, or n,/n; and in this case the elastic wave front is parallel to 
the incident or scattered direction and the condition is analogous to the 
critical angle of reflection between two different media. 


When @ = 90,cos @=0; and irrespective of the values of n, and n,, 
cos@<n,/n, and n,/n;. Therefore the term “coherent reflection” is 
always applicable. When @ < 90, the condition for coherent reflection may be 
true for only certain species but not for others. Consequently, in the 
scattered radiation some species may arise from ‘“‘ coherent refraction” and 
other species. from “‘ coherent reflection” from the respective elastic waves. 


It can be shown easily that all species arise from coherent refractions 
when @< 4, where @,, is, in general, finite and is determined by the direc- 
tion of incidence. This is true for instance when #—-0. 


8. METHOD OF EVALUATION OF THE VARIOUS CHARACTERISTICS 


In any specific case, it is a simple matter to calculate the frequency shifts 
and polarisation characteristics of the different species. Let the direction 
of incidence CI and that of scattering CS intersect the two sheeted index 
surface drawn with centre C, at 1], I, and S,, S, respectively. Then Cl, 
and CI, (CS, and CS,) give two values of n; (m,). The vectors I, §,, 
I,S., 1, S, and I, S, represent the directions of the normals of the four possible 
elastic waves giving rise to the four species and their lengths represent the 
magnitude of the square root in equation (12), for from triangle I C S (Fig. 1) 


LS= Vn?2+ n,?— 2n, n, cos 8, (19) 
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Therefore from (12) 
Av=v, (r/c) (LS) 
=(v,/A) (1S). (20) 


Thus the values of I, S,....when multiplied by the 3 appropriate values 
of v,/A give the frequency shifts of all the 12 pairs of Doppler components. 
The vibration directions of the two incident waves A and B (and of the 
scattered waves P and Q) are given in the case of optically inactive crystals 
by the principal axes of the elliptic central sections of the indicatrix parallel 
to the incident (and scattered) wave front. Consequently, the polarisation 
characteristics of all species are also specified. Further, the four perpendi- 
culars from C on I, S,, etc., will be parallel to the effective elastic wave fronts 
and depending on whether they fall inside or outside the angle @, will show 
that the scattering is a coherent reflection or refraction. 


9. SPECIAL CASES 


In order to illustrate the procedure, we consider first the simple case 
of scattering in the symmetry plane (optical) of a uniaxial crystal. Let 
the two circles of Fig. 4 represent the section of the index surface by this 
plane. Fig. 4 is drawn to scale for calcite for wavelength A 2537 
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(n,, = 1-765, mn,=1-532). Then both for the directions of incidence 
and of scattering, the refractive indices are n, and n,. The corresponding 
vibration directions of the light waves are perpendicular o,2 and parallel 
a, II to the plane of scattering. 


In Fig. 4 the directions of propagation of the different species are 
I, S, (for ,) 1, S,(7,) 1,8,(£,) and I,S8,(/7,). For the first and the 
last species, the direction of elastic wave normals coincide and the wave 
front CN bisects always the scattering angle IC S. The scattering for these 
species 2, and JI, ishence a “specular reflection” from the elastic wave 
(1, S,). As @ changes from 180° to 0°, C N changes from a position normal 
to CI’ to a position parallel to it. Thus the shifts are vanishingly small 
for small angles of @. The situation is entirely different for the species 
x, and JT, when 0< 0,, where cos 0.=n,/n,,, for example for calcite (A = 2537) 
this angle is about 30°. Then these two species are coherent refractions 
and for very small values of @, the wave front is normal to CI’. Further 
the shifts tend to a finite value as 6 tends to zero. 
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10. PLANE OF SCATTERING PARALLEL TO THE OPTIC AXIS OF 
A UNIAXIAL CRYSTAL 


In this case the section of the index surface by the plane of scattering is 
an ellipse and a circle and Fig. 5 represents such a section for a negative 
crystal (drawn to scale for calcite 4 = 2537). If the direction of the scat- 
tered wave (or the incident wave) coincides with the optic axis CZ then the 
two refractive indices for that direction become equal. Thus, in this case, 
there would be only two possible values for 1/n,?-+ n,?—2n,n, cos @ and 
also only two possible directions and wavelengths for the effective elastic 
waves. Therefore, there would only be 6 pairs of distinct Doppler shifts 
in this case. 


In general however, there would be 12 pairs and the directions of the 
elastic waves effective in the scattering of the four species would be all 
different. 


11. FORWARD SCATTERING 
In the exactly forward direction =O and hence from (12) 
Av/v= + (v,/c)/n2+ n,? — 2n, 1, 
= + (2,/c) (n;— n,). (21) 
Here the two values of n; are the same as those for n,. Let n, =n, =n 


and n;,=n,,=Mz. Then’ for two of the species, say P, and Qz, n;—1,= 
(n,—n,,) or (n,,—1n,,) both of which are zero. Hence, 


Av=0. 
For P, and Q,, the frequency shift is the same and given by 
Av/v= + (v,/c), (m— ne). (22) 


Since in general m, # ng, the frequency shift is finite. We thus have the 
strange result of a refraction without change of direction but with change of 
frequency. The scattering in this case is due to “coherent refraction” by 
the elastic waves of wavelength. 
A, = A/(n,— np). (23) 
Thus, of the 12 possible pairs of Doppler components, 6 pairs belong- 
ing to species P, and Qs, have vanishingly small frequency shifts. Of the 
other 6 pairs, there will only be 3 distinct pairs of Doppler components 
since those produced by n; =m,n, =n, and n;=n,, n,=n, will be super- 
posed. In the case of a uniaxial crystal, the shifts would be a maximum 
when light is incident perpendicular to the optic axis. Thus for calcite 
using A 2537 incident along the Y-axis, the magnitude of the shifts are as 
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large as +0-22cm.?, +0-13cm.1, +0-10cm.! The wavelength of the 
elastic waves effective in scattering in this case is, from (23), 10,880 A°. 


The Doppler components with finite shifts are polarised orthogonally 
to the incident wave, while the transmitted light is polarised in the same way 
as the incident wave, and therefore by the use of a pair of polarising devices 
such as crossed polaroids, the incident light can be considerably reduced in 
intensity in the scattered path, while the scattered rays are allowed to pass 
unchanged. Thus the observation of the phenomenon should be rendered easy. 


An analogous phenomenon should exist in the field of ultrasonics. 
Let the ultrasonic wave be excited inside a birefringent crystal (or even a 
liquid made birefringent by an electric field) and let light be incident along 
the direction of propagation of ultrasonic waves unlike in the case of the 
experimental set-up for Debye—Sears or Schaefer-Bergmann pattern. 
Then in the forward direction, a diffraction pattern should be capable of 
observation if the condition (22) is satisfied, where now Av and v, are the 
frequency and the velocity of the ultrasonic waves and (n,— n.) is the bire- 
fringence of the crystal (or liquid) for the direction of the incident light. 
If say A =c/v=5000+ 10-*cm., and v,=5 x 10°cms./sec. then Av= 
10!°(n,— nz) per sec. If (n,— ng) is of the order of 0-01 to 0-0001 (for example 
n optically active crystals) then Av would be of the order of 100 to 1 Mc. 
sec. Ultrasonic waves of these frequencies can easily be excited in the 
crystal. Further the polarisation character of the diffracted pattern should 
be complementary to that of the incident wave giving rise to it. 


12. BACKWARD SCATTERING 

In this case 6=180° and we have from (12) 
Av/v= + (v,/c) (m+ ns) (24) 
and the effective elastic wave normals coincide with that of the incident 
direction. As in the previous case (disregarding the sense of propagation, 


which is irrelevant if there is no magnetic field) n,=n,=n, and n,= 
n,,=M, and for the various species 


P,:— Av/v= + (ve) 2m 
Qs:— Av/v= + (v,/c) 2ng 
P, or Qa:— Av/v= + (2,/c) (m+ no) (25) 


Thus in this case, there will be for the three possible values of v, 9 pairs of 
Doppler components with different shifts. 


To give an idea of the differences of the Doppler shifts for the four 
species, the calculated values of the frequency shifts are given below for 
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backward scattering along the normal to the cleavage face of calcite for 
42537 excitation. The values of |Av|’s in the cm.-? and of A, in A® are 
given below. 
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Ay A, 
P, (Ze) ia ” .. 3°31, 1-43, 1:24 719 
P, (27) ‘ys - .. 3:19, 1-39, 1-19 746 
Q,(fIe) sf .. 3:19, 1°38, 1:19 746 
Q3 (Im)... si .. 3:06, 1-31, 1-15 776 


The expected shifts (the differences for the different species being somewhat 
exaggerated) are represented schematically in Fig. 6. 
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Fic. 6. Doppler components in backward scattering along the normal to the 
cleavage face of calcite 
The actual differences are well within the limits of measurement and 
some experiments have been made which support these ideas. The results 
will be communicated in another paper. 


13. DIRECTION OF PROPAGATION OF ENERGY 


In the case of backward scattering considered above, the directions 
of the incident and of the scattered light waves are inclined to the optic 
axis. Consequently, the directions of the corresponding extraordinary 
rays would be different. For example, if o and 2 refer to the ordinary inci- 
dent and scattered waves and 7 and JT refer to extraordinary incident and 
scattered waves, then Fig. 7 shows how the different species of the scat- 
tered light emerge out of a negative uniaxial crystal (calcite) in the case of 
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Fic. 7. Ray directions in scattering 


backward scattering considered in the previous section. The incident extra- 
ordinary ray z travels in a direction inclined at 8° (shown exaggerated in the 
figure) to the ordinary ray. The elastic wave front M,™M,’ is normal to 
the incident wave normal for all the four species. But the two species aris- 
ing from 7 and the two arising from o are scattered from different scatter- 
ing centres, C, and C, and the four species emerge out of the crystal at 
different points as shown. Thus the effect of the separation of the ray and 
wave normal directions is a lateral shift of the scattered rays. In actual 
experiments in which a wide pencil of rays with finite convergence is inci- 
dent on the crystal, the effect of lateral shifts is unimportant. 


14. SPECIAL CASE 


Summarising the results of the previous cases we find that in general, 
there are 12 possible pairs of distinct Doppler shifts in a birefringent crystal, 
like calcite, but in special cases of crystal orientation the number of pairs 
reduces to 9, 6, or 3. We consider two more very special cases, namely 
(1) backward scattering along the optic binormals of a uniaxial or biaxial 
crystal and (2) incident along one binormal and direction of scattering 
along the other b:inormal (in either of the two opposite directions). In these 
cases all othe four refractive indices (two for incidence and two for scatter- 
ing) coincide and n; =n;,=n,,=n,,=n. This last relation is always valid 


bd £ 


in the case of singly refracting cyrstals (or media) with a single refractive 
index, ”, for all directions. The expected number of components in these 
cases is discussed below, 
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15. SINGLE-REFRACTING CRYSTALS 


In these crystals, therefore, (12) reduces to the familiar expression 
Av/v= + (v,/c) /2n?— 2n* cos 8 
= + (v,/c) 2n sin 6/2. (26) 


Then all the four species have the same shifts and there could only be 
3 pairs of Doppler components. But, in principle, each individual compo- 
nent can be regarded as having a degeneracy of four. This terminology 
would be similar to that employed for Raman lines which may however 
have only degeneracies of two or three in the case of first order lines in 
crystals. 


The effective elastic wave front giving rise to the Doppler components 
always bisects the internal angle between the directions of incidence and of 
scattering and the scattering process may therefore be regarded as “* specular 
reflection” from the elastic waves. Further, as 6-—+0, Av-+0 and there- 
fore, in the forward scattering the frequency shifts are - vanishingly small. 
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SUMMARY 

For the first time, the theory of Doppler shifts in thermal scattering 
of light in birefringent crystals is worked out and the magnitude of the 
shift Av of the components is given by Av/v= + v,/c)\/n?2+ n,?— 2n, n, cos 8, 
where Ay is the frequency of the incident light, c the velocity of light in 
vacuum, v,, the velocity of the elastic wave effective in scattering and 
n; and n, are either of the refractive indices of the crystal for the incident and 
Observation directions. Since n; and m, can each take two values, there 
are four pairs of values (n,, ,) and further v, takes three values. Therefore, 
there must in general be twelve pairs of Doppler components in the light 
scattered along a particular direction. The twelve pairs can be divided into four 
sp2cies cach with a specific pair of values (n,, ,) and consequently specific 
polarisation character. They can be studied individually by the use of 
proper polarising devices in the incident and scattered paths. Each species 
consists of three pairs of components arising from the elastic waves of wave- 
length A,=A/ \/n,2+ n,2—2n, n, cos 8, where A is the wavelength of the 
incident light in vacuum and propagated along a specific direction. For 
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any particular species, the scattering must be appropriately regarded as 
“‘ coherent reflection ” or “‘ coherent refraction ” of light waves by the effec- 
tive elastic waves according as cos 0 < n,/n, and n,/n; or cos 8 > n,/n, or n,/n;. 
There can in general be 3 pairs of Doppler components with finite shifts 
in the exactly forward scattering. 


In singly refracting crystals (n; = n,n) the expression for shift reduces 
to the familiar expression Av/v= + (v,/c) 2n sin 6/2 and in this case there 
could only be three pairs of Doppler components arising from “ specular 
reflection” of light by elastic waves. 
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1. INTRODUCTION 


SopiuM chlorate is a cubic crystal belonging to the tetrahedrite (T) class 
and therefore exhibits optical activity. The determination of the photo- 
elastic constants of this substance is of interest, because of two reasons. 
Firstly, Bhagavantam (1942) has shown that crystals of this class (T) and 
of the T, class must have four independent piezo-optic constants, 94, 912, 9is 
and q44, aS against only three constants possessed by crystals of the other 
classes of the cubic system. Bhagavantam and Suryanarayana have also 
experimentally shown this to be the case for crystals of the T, class, such as 
alums (1947 a, 1949) and barium nitrate (1948). It is interesting to verify 
the theory for a crystal belonging to the T class also. Secondly, unlike the 
other cubic crystals for which photoelastic constants have been determined, 
sodium chlorate exhibits optical activity. This requires that special tech- 
niques have to be used for the determination of the birefringence produced 
by stress. 

The theory of the propagation of light in a crystal exhibiting both bire- 
fringence and optical activity has been worked out by several authors. 
The results of the theory are summarized in Pockels’ Lehrbuch (1906). We 
shall make use of this theory in this paper, with slight modifications in nota- 
tion. The theory has been applied to quartz for determining its rotatory 
power in different directions and also for the effect of birefringence on the 
Faraday rotation (Bruhat, 1935; Ramaseshan, 1950). The rotation in 
the case of quartz is small compared with birefringence, and Bruhat’s formu- 
le have been developed only for this particular case. His experimentai 
methods are therefore not applicable in the present study. Consequently, 
general methods are described whereby rotation and birefringence can be 
separately determined when both are present and are of similar orders of 
magnitude. 

Measurements of the birefringence of the crystal for different orienta- 
tions can only lead to the values of three piezo-optic constants, namely 
Gui Giese Gi— Giz ANd gay. To determine 91), 42, 9:3 Separately it is necessary 
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to make at least one determination of the change in absolute path of the 
light beam through the crystal. Attempts to obtain interference fringes 
failed and consequently the ratios p,2/p;, and p,3/p,, were determined from 
the study of ultrasonic diffraction patterns (Mueller, 1938) and thus all the 
constants were evaluated. It is found that (q¢,,; — gq.) and (q,; — 43) differ 
by nearly 70% for this crystal, which is larger than what is found for any 
crystal of the T, class. 


2. THEORY OF LIGHT PROPAGATION IN OPTICALLY-ACTIVE 


BIREFRINGENT CRYSTALS 
In this paper, we shall use throughout Poincaré’s representation of an 
elliptic vibration by a point on a sphere (Pockels, foc. cit.). Fig. 1 shows 


AA 











inalial Pd 
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Fic. 1. 
such a sphere and the notation followed in designating a point on it. C; 
and C, are called the two poles of the sphere and represent respectively left- 
and right-rotating circular vibrations. The great circle HAVB is the 
equator, and points on this represent plane vibrations of varying azimuth. 
The point H stands for a horizontal plane vibration and a plane vibration 
making an angle % measured anticlockwise in the usual way, will be repre- 
sented by the point D on the equator, such that DOH =2 4, 2% being 
measured anticlockwise from OH when looking from C;. Thus the point V 
diametrically opposite to H represents vertical vibration and A and B repre- 
sent respectively vibrations at + 45° and — 45°. The latitude circle E PF 
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of latitude w represents all elliptic vibrations, whose ratio of axes is given 
by tan (w/2). The azimuth 2% (or longitude) gives the angle (%) between 
the horizontal and the direction of the major axis. w is taken to be posi- 
tive for the hemisphere containing C, and negative for the other hemisphere. 
All elliptic vibrations in the former are taken to be left-rotating and in the 
latter right-rotating. Obviously C; and C, are the limiting circular vibra- 
tions, for which |w| =7/2 and the ratio of the axes is unity. 


To represent the Poincaré sphere in two dimensions the stereographic: 
projection is used in this paper. It is most convenient to project the sphere 
on a plane parallel to C; HC, V. The co-ordinates 2% and w of the point 
P are shown in the projection in Fig. 2. With reference to this figure, the 
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following statements can be made about the propagation of light in an 
optically rotating and/or birefringent crystal. Many of these are well- 
known results (Pockels, Joc. cit.), but the signs and senses of rotation are 
precisely defined here. 


Suppose that the state of polarisation of the incident light is represented 
by P. If the crystal is not optically active, then the point P is rotated about 
the axis H V (along the dot-dashed line in Fig. 2), the angle of rotation 
being given by the phase retardation 8 =38,t where 8, is the phase retardation 
(vertical — horizontal) per cm. and tis the distance traversed in cm. The rota- 


tion 5 is anticlockwise looking from H to V if it is positive and vice-versa. 
A7 











202 G. N. Ramachandran and V. Chandrasekharan 


Similarly, for a rotating crystal having no birefringence, the point is rotated 
about the axis C, C; (circle EF), the amount of rotation in the Poincaré 
sphere being equal to twice the optical rotation p of the crystal, i.e., 2p =2 p,t, 
where p, is the rotation percm. Looking from C; to C, the rotation is anti- 
clockwise for a left-rotating crystal and vice-versa. When both birefringence 
and rotation are simultaneously present, the point rotates about an axis 
RR’ lying in the plane C/H C,V, which makes an angle ¢ with C, C;, where 
tan ¢=5,/2p (dashed line Fig. 2). For a left-rotating crystal, 4 is posi- 
tive if the horizontally polarised ray is the faster one and ¢ is negative if 
the vertical is faster. The reverse conditions hold for a right-rotating 
crystal. In all cases, the angle by which the point P has to be rotated is 
given by A, where 

d= V8F Or} ) 
and the sense of rotation is counterclockwise about that point R (or R’) 
which lies between the faster of the two circular components (C; or C,) 
and the faster of the two birefringent components (H or V). Using this 
construction, the state of polarisation of the emergent light Q can be deter- 
mined when that of the incident light P is known. 


3. DETERMINATION OF BIREFRINGENCE AND ROTATION SEPARATELY 
WHEN BOTH ARE PRESENT 


In principle the problem is the reverse of what was stated in the last section 
and can be solved very simply with stereographic nets. Allow light having 
the state of polarisation represented by an arbitrary point P (Fig. 3) to fall 
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on a parallel plate of thickness ¢t and determine its state (Q) on emergence. 
Plotting P and Q in a stereographic projection it is only necessary to find 
the axis RR’, such that PR=QR. This can be readily done by using the 
Wulff net and rotating it about A until the latitudes of P and Q are the same. 
Then the angle RAC; gives ¢ and the difference in longitude between P and 
Q, i.e., RPQ =A. Knowing A and 4 we have 

8=Asind; 2p=Acos¢. (3) 


An analytical expression for the most general case is too complicated 
and it is best to use the stereographic net and find A and ¢ in such a case. 
However, when P lies on the plane HAVB, i.e., when the incident light. is 
plane polarized at an arbitrary azimuth, then the problem can be solved 
analytically. This particular case is used throughout the present investiga- 
tion and we shall quote the final formule below. 


Suppose the plane of vibration of the incident light makes an angle a 
with one of the principal vibration directions (H). Suppose that the 
emergent light is an ellipse, whose major axis makes an angle % with vibra- 
tion direction of the incident light and that the ratio of its axes is b/a = tan w/2. 
Then we have the conditions shown in Fig. 3. Both % and w can be 
directly measured as described below (§5). In terms of these quantities, it 
can be shown that 


: = sin w ) 
tan $= Sosa — cos w COS 2 (a + a) 

1 — cos wcos2¢% 4) 
cos A=1— 3 po, 


1 — sin? ¢ cos? 2a 
In the particular cases, when 22 =0 or 2/2, i.e., when the light is polar- 
ised parallel to H, or at 45° to it, we have the following simplified formule: 


(a) 2a=0 (b) 2a =7/2 
tan d=sin w/(1 — cos wcos 2%) tan¢d=tan w/sin 2% (5) 
sin A=cos w sin 2:b/cos 4 cos A=cos wcos2% 


It is clear that one has to know, in addition to the measured values of 
# and w, also the value of a, the inclination of the plane of vibration of the 
incident light to one of the principal vibration directions. This requires 
4 knowledge of the principal directions, which in a rotating birefringent 
crystal is not easy to determine. However, it can be done by determining 
the so-called azimuth of minimum, a method due to Bruhat (1935). In 
this method, crossed nicols are used just as for a non-rotating birefringent 
crystal, and the azimuth when the transmitted intensity is a minimum gives 
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the principal vibration directions. However, the method is not accurate 
unless 2 p/5 is small for otherwise the minimum is not marked. 


4. THE ELLipTic ANALYSER 


If the principal vibration directions are known, then a very simple 
method can be used for determining the magnitude of the birefringence. 
The method uses the technique described below, which may be called the 
“elliptic analyser”. It is clear from Fig. 2 that, if the incident light has 
a state of polarisation denoted by the point R (or R’) on the Poincaré sphere, 
then it is propagated unchanged through the crystal. For different posi- 
tions of R, i.e., for varying ratios of 8/2 p the ellipses all have their major 
and minor axes parallel to H and V, but differ in their axial ratio. It is 
therefore enough to determine the ratio of the axes (B/A) of the ellipse that 
is propagated unchanged through the crystal. Then the angle ¢ is given by 


B 
tant (5-4) =3 6) 
and § can be calculated, knowing 2p, the natural rotation, from the formula 
5=2 ptan ¢. (7) 


The experiment consists in the following. Two quarter wave plates 
are mounted, one before and the other after the crystal, such that their axes 
are parallel to the axes of birefringence of the crystal. The first one is mount- 
ed with its faster axis horizontal and the second with its faster axis vertical. 
The polarising nicol before the first quarter wave plate and the analysing 
nicol after the second are kept crossed and they can be rotated together in 
the crossed position. As the crossed nicols are rotated, the first combina- 
tion transmits elliptically polarised light of varying axial ratio and, in the 
absence of the crystal, this is extinguished by the analyser. When the crystal 
is interposed, the ellipse is in general altered and there is a restoration of 
light. Crossing occurs only for the particular setting when the incident 
ellipse is propagated unchanged. The angle € made by the polariser with 
the horizontal when this happens gives the axial ratio B/A=tan &. Thus 
@=n2/2—2¢. Thus, when0< é< 2/4, 8 is positive for a left-rotating 
crystal and negative for a right-rotating crystal and vice-versa when 7/4 < 
< 1/2. 


In actual practice, extinctions are found once every 90°, so that a mean 
value can be obtained. In these studies, care was not taken to set the fast 
and slow axes of the quarter wave plates correctly. The measurements 
were used only to determine the magnitude of 8, the sign being obtained 
with the Babinet compensator. 
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5. EXPERIMENTAL SET-UP 


Since it was necessary to measure not only the path retardation of the 
light passing through the crystal, but also various other constants of the 
elliptic vibration emerging from it, the stressing apparatus was so designed 
that a petrological microscope could be used together with it to make the 
optical measurements. The stress was applied by means of a lever arrange- 
ment designed such that the stress on the crystal could be made zero, when 
required, by means of counterpoise weights. Lead and paper spacers were 
used to render the stress uniform on the crystal, and by making the length 
of the specimens roughly thrice their lateral dimensions, the stress in the 
central portion was kept practically constant. The crystals were subjected 
to a maximum stress of 100 kg./sq. cm. and were found to return to their 
original state of no birefringence when unstressed. Initially a large stress 
was applied so that the crystal sunk a little into the lead and thereafter its 
orientation was maintained at all loads. 


The crystals were grown from a saturated solution in water and after 
two or three crops had been grown and redissolved, a number of very clear 
and large specimens were obtained. They were all of the {100} form 
and crystals of other orientation were cut from these. The crystals kept 
remarkably well in dry weather and could be left in the stressing apparatus 
for several days. Measurements were made for three different cuts. The 
specimens used for final measurements had the dimensions and orientations 
given in Table I. 











TABLE I 
ad tae gn i 
Length Breadth Thickness 
Crystal Sense of __ = : ee 
No, rotation | 
Parallel to) Dimns. mm. [Parallel to} Dimns. mm. | Parallel to Dimns, mm. 
} | 
1 R [100] 16-8 {010] 5°30 [001] 4-86 
2 | R {100} 17 (001 ]} 11-0 [010] 5°6 
3 L, [100] 28 [001] 15-6 [010] 4-9 
4a L [110] 19 (11°) 1:97 [001] 7:30 
45 | L [110] 18 [001] 6-78 [110] 6-61 
5 R [111] ll [112] 4-30 [110] 3-99 





Measurements were made with three specimens for stress along the 
cubic direction. Of these, crystal 1 was used for a detailed study, making 
measurements of 2% and w, as well as of the ellipse thatis propagated 
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unchanged. Readings were taken only with the elliptic analyser in the case 
of crystals 2 and 3. Crystal 4 was affected by a large humidity in the atmo- 
sphere after observations were finished along [110]. The crystal was there- 
fore reground to the dimensions shown against 4b and observations were 
made along [001]. For both directions, detailed m2asurements were made, 
With crystal 5, measurements were taken only with the elliptic analyser. 


6. ORIENTATION OF THE X, Y, Z AXES 


With the usual notation, the stress-optical equations for sodium 
‘chlorate (belonging to class T) are: 


A ay =u Xe + H2Yy + Ns Z, 
A Age ie q13 X, + qu t, + Jis Z, 


A a33= G2 X, + Ms Yy + Iu Z: (8) 
A a3 = Gas . * 

A ay, = Gas Z; 

A ay. = das X, 


As a consequence, g,. and q,3 are unequal, and for stress along the X-axis, 
the birefringence for light proceeding along the Y and Z axes are different, 
being proportional to (qi; — 912) and (41 — 13) respectively. To define 
the photoelastic constants, therefore, one has to define the relative orienta- 
tion of the X, Y and Z axes. None of the crystals used in this study exhi- 
bited {210} faces, all having only the form {100}. Consequently, the external 
form could not be used for defining the axes and X-rays were used for this 
purpose. A thin plate, about 1 mm. thick, was cut parallel to one of the 
cube faces. The thickness direction was arbitrarily defined as [100] and 
a Laue pattern was photographed with the X-ray beam in this direction. 
One quarter of the Laue pattern is shown diagrammatically in Fig. 4, 
The sizes of the spots are made so as roughly to correspond to their intensi- 
ties. That direction for which the 130 spot is more intense and 150 is less 
intense is defined as the Z-axis and the third orthogonal direction is Y. 


This corresponds to the indexing of X-ray sopts adopted by Zachariasen 
(1929). 


This definition uniquely defines the relative orientations of the X, Y, 
Z axes. However, a cyclic permutation is allowed, whereby any one might 
be called the X-axis and the other two are then automatically fixed. This 
method of defining the axes is independent of the fact whether the crystal 
is right- or left-handed, as it is based directly on the structure, In fact, for 
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both types of crystal, the X-, Y- and Z- axes defined in this way gave the 
same values for gi, — 912 and qi: — Gig (See next section). 


Bhagavantam and co-workers (Joc. cit.) have not defined their X-, 
Y-, Z- axes either with respect to the morphology or X-ray pattern of the 
crystals (of the T, class) studied by them, although they have shown that 
gio is different from q,3. It is to be noted that in the present definition for 
sodium chlorate, the sense of the axes has not been defined—in fact it is 
impossible to define it by means of X-rays and the external form will have 
to be used for this—but the sense is irrelevant in photoelasticity. 


The relative retardations between the vertically and horizontally polar- 
ised components for various orientations have been calculated and are 
given in Table II. The relative retardation 6 per unit thickness of the 
crystal is 


5 ="-S(-P, () 


where f (g) is a linear function of the constants g,, and P is the stress, 
f(q@ is given in Table IT for different settings, 
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TABLE II 

Stress | Direction of (9) 

direction | observation 19 

[100] [010] 911-912 

[100] [001] 711-713 

[110] | [110] 4 ((911 — 912) + (911-919) $2744] 

[110] [001] —743/sin 20* 

(1) =| ~—sqnte) 944 

(111) [112] Yas 
* See text. 


In all the orientations, except the one marked with an asterisk, the direc- 
tions of vibration are parallel and at right angles to the stress direction. In 
this case alone, they are inclined at an angle @ to the X- and Y- axes, where 


tan 2 0=2 qy/(912 — 43) (10) 
The f(g) shownin Table II for this orientation is actually the retardation 
between the two principal components, as this is the one measured in the 
experiment. 
6. MEASUREMENT OF 41; — 932 AND 411 — 913 


As mentioned earlier, because of the presence of rotation, the bire- 
fringence produced by stress can only be measured indirectly. The two 
quantities measured are the co-ordinates 2 fand w of Fig. 3 for azimuths 
a near about 0, 7/2, + 7/4 and — 7/4. Since the principal axes of bire- 
fringence cannot be determined exactly, the azimuth (a’) was measured with 
respect to the horizontal and four sets of measurements were taken with the 
incident light polarised at angles — 45°, 0°, + 45° and 90° to the horizontal. 
In each case, the rotation of the major axis of the emergent ellipse was 
determined by means of a half-shade and this gave the value of 4. A Babinet 
compensator was then kept with its axes at 45° to the major axis of the 
ellipse. The shift of the Babinet fringes under these conditions would 
directly give the quantity w. If this shift is s and the fringe width is f, then 


w=2n s/f. 


The pair of values %, w was determined for three or four values of the stress 
upto a maximum stress of about 100 kg./em.?, Each measurement was an 
average of ten readings. It is clear from the Poincaré sphere that the 
measurements with a’=0° and 90° are equivalent and similarly those with 














a’ = + 45°. Consequently the mean of these pairs of values was taken. 
The results obtained in this way for crystal 1 are shown in Table III. The 
values for the load given in the first column are the actual weights put on 


TABLE III 
Mean values of % and w for different stresses for crystal 1 
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a’ = 0°, 90° a’ = + 45° 
Load Obsn, 
in kg. 
ae Oh i 
0 [001} -17-35 0-00 -17°5 0-0 
0-6 [001] —17-2 — 6-20 —17-85 8-3 
1-0 | — [001] 17-0 — 9-35 —18-6 18-7 
2-0 | [001] —15+1 —17-70 22-5 36-1 
. 3-0 | [001] -12-3 — 25-40 —31-55 51-9 
* o | [010] —19+25 0-0 ~19-3 0-0 
0-6 | [010 —18+7 — 9°55 —20-4 20 2 
re 1:0 | = {010} — 17-55 —15+7 — 22-55 36-3 
2-0 | [010] —13-75 —27°5 —41-75 58-9 
0) 3-0 | (010) — 6-2 —33-+2 — 73-55 45+5 
mn al 7 - | pete ms sae eal ‘ ie 
ne the pan. They have to be multiplied by a factor 7, the ratio of the lever, 
to give the total force on the crystal. 
These data enable one to calculate the angle @ which one of the principal 
e vibration directions makes with the vertical, and hence the relative retarda- 
10 tion 6. a would then be equal to a’+ 6. @ is determined by trial and 
hs error, that value being chosen for which measurements with a’ =0 and 90° 
© and a’=-+ 45° give the best agreement. @ can be obtained roughly by 
th determining the azimuth of minimum and further refinements are made by 
" calculation. Thus, for crystal 1, the azimuth of minimum gave 0 = —5°, 
1. while calculations gave it as — 44°. The errors introduced by taking the 
pressure to be exactly vertical is shown in Table IV, which contains the 
et calculated values of ¢, 2p and 8 for various stresses assuming =O and 
i — 44°. It will be noticed that the two sets of measurements for the same 
Id load lead to different values of ¢ and 4 if @ is taken as zero, and further the 
a value of 2p appears to increase with load. Both these discrepancies dis- 
appear when the correct value is taken for @. 
“ The same procedure was adopted for the other observation direction 
for this crystal. Only the final values for this are shown in Table V. 
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TABLE IV 
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Calculated values of 4, 2 p and 8 in degrees for crystal 1, observation along 
[0011—with @ assumed to be 0° and — 4}° 














6=0 @ =—4}° 
Load | 5 per kg 
| 2a | % | 2p 5 2a ? | 2p | § 
0 | -30-8| —35.2 | 21-0 | —9 | -22-0 | -35-1 | 14-2 
os 90 | -13-8| -35-4 | 8-7 | sl | -15-0 | —35-3 | 9-5 | 108 
oe | —41-6| --36-2 | 32-1 | —9 | -31-1 | —85-1 | 21-2 | og 
| 90 | —29-2| -35-8 | 21-0 | 81 —31+3 —35-2 | 21-4 | “** 
ne | o | -eo-0| -se-4 | eso | —9 | -50-7 | -38-9 | 424 | 9, 
6 90 | —45-9 | —38-4 39-6 | 81 —49-8 —35-9 42-5 
‘wi 0 | -67-8 | -40-0 | 94-3 | —9 | —61-3 35-2 | 643 | gig 
90 | —55-1 —42-2 | 60-4 81 | -61-3 | -35-8 | 635-4 
| 
mean 21-3 
TABLE V 


2p and & in degrees for crystal 1, observation 


along [010]: 06= 





Load | 2a 
0°6 85 
10 ~ 5 
. ek 
2.0 on 
3-0 ae 


? 2p 
31-6 38-7 
30°5 38-6 
48-3 38-8 
48-1 | 37°1 
61-8 | 40-4 
63-4 | 39-0 
70-2 | 40-7 
71°83 49-6 


—23° 


oa OM 


oto 


42-4 
38-1 


38-6 


mean 38-9 


These measurements lead to values for the piezo-optic constants: 
qu — qi2 >= — 2:42 x 10-**, qu a N13 —— 1-41 x 10-18 cm.? dyne=? 


The measurements with the elliptic analyser and the values of 8/2p 
calculated from them for the same crystal are shown in Table VI. 
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° TABLE VI 
| . a 
Observation along [001] Observation along [010] 
Lead | ———-— 
kg. | 8/2p | 8/2p P 8/2p 8/2p 
| | = tan (90° — 2)| per kg. =tan (QU° — 2&)| per kg. 
l - i opis ie 
0 45+2 0-007 | = 45-1 0-004 
0-6 35-2 0-356 | 0-593 28-9 0-630 1-05 
1:0 30-3. 0-564 0-564 22-4 1-007 1-01 
2-0 21-1 | 1-103 | 0-521 12-4 2-164 1-08 
3-0 14-6 1-789 | 0-596 86 3-231 1-08 


Weighted mean 0-576 Weighted mean 1-06 





The degree of constancy of the entries under 8/2 per kg. indicates the 
accuracy of the measurements. The values deduced from these for the photo- 
elastic constants are 


Gu— Ne = — 2°36 X 107%, qyi— G3 = — 1°43 x 10-*8 cm.? dyne 


Elliptic analyser measurements with crystals 2 and 3 led respectively 
to the values: 


Qu — Giz = — 2°41 X 107%, gy, — G3 = — 1°41 x 1078 
Gu — Qe = — 2°34 X 1074, gy, — is = — 1°43 x 10-8 


Taking the mean of the four independent measurements for these constants, 
we have 


Gu — Qe = — 2°39 X 10°, ay X Gig = — 1°42 x 107 cm.? dyne-?, 
7. MEASUREMENTS WITH CRYSTALS 4 AND 5 


With stress along [110] and observation along [110] (4a) the method 
is identical with that for crystal 1. The measurements and the values of 
2p and 5 deduced from them are summarized in Table VII. 


Using the dimensions of the crystal shown in Table I, we have 
H(Qu- N2)+ (Qu-— M13) + 2 Gas} = — 1°68 X 10-8 cm? dyne-. 


Measurements with the elliptic analyser for the same crystal gave a value 
1-76 x 10-8 for this constant, so that the mean is 1:72 x 10%. Using 


the values of (q1:— 2) and (411 — 9:3) determined earlier, g,, is thus equal 
to 1°54 x 10°, 
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TABLE VII 


Measurements with Crystal 4a 


nt, 





Load in kg. | 2a | oy 
) | | 
0 | - 28-3 - ch 56°6 
| 28-4 56+8 
i 7 | 27-4 11-2 32-5 56-5 36-0 se 
2 3 31-5 24-6 33-4 56-3 37-1 . 
s te 7 21-3 —27-7 59-5 54°6 92-6 17-8 
| 83 58-0 52-1 59-8 57°8 99-6 . 
P | 7 | 8&9 —44-0 67-9 61-7 152-1 18-5 
| 83 | 84-0 26+2 68-9 55-6 144-2 





Weighted | mean “18-6 


When the observation direction is along [001] (4 5), the principal vibra- 
tion directions are not parallel and perpendicular to the stress direction. 
This did not lead to any difficulty as the principal directions are themselves 
determined in the experiment, as mentioned earlier. They were approxi- 
mately determined using the elliptic analyser, and the polariser was set paral- 
lel or at 45° to them. However, they were off by 2°, as may be seen from 
the results in Table VIII. These lead to value for g44/cos 20 — = —1-70 x 
10-15, Measurements with the elliptic analyser of the same quantity gave 
a value — 1-66 x 10°’, so that the mean is — 1-68 x 107%, 








TABLE VIII 
aa | | 
Load in kg. | 2a ts w ¢ | 2p 6 5 per kg. 
| | 
| | | mm | 
. | —4 | 24-2 | 48-4 | 
| 86 | 242 | 48-4 
} | } 
e - 4 | 2864 —14-2 42-9 | 47-7 oS | wos 
. 86 6 | (29-0 30-1 38-1 | 478 37°5 | - 
| 
—4 | 18-2 —23-2 | 58-8 47°5 Tc | . 
‘ s¢6 | (Bl-2 54-0 | 57-6 | 51-7 815 20-0 
‘ — 8:7 —30-6 72-6 | 46-0 146-7 | mye 
86 85-1 28-0 73-4 42-9 143-8 | ’ 


Weighted mean 20:5 











The angle 26 was determined experimentally by finding the azimuth 
of minimum with the crystal direct and with it turned around and calculating 
the difference, This gave 26 as 74°, from which qy,=— 1-61 x 10-%, 











{ 


a 


h 
3 
J 
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The value of 20 calculated from Eq. (10), assuming this value of q,, is 73° 20’. 
The agreement between the two is fairly good. 


In the case of crystal 5 only measurements with the elliptic analyser 
were made. These led to a value — 1-60 x 10-%3 for qyq. 


The mean of the three independent determinations of q,, is thus 
— 1°58 x 10-*. 


8. DETERMINATION OF THE ELASTO-OpTIC CONSTANTS 


From the mean values of the piezo-optic constants given above, namely, 
9u — 72 =— 2:39 X 10°, du — M3 =— 1°42 x 10 and guy = —1-58 
x 10-18, the following values are found for the elasto-optic constants, using 
for the elastic constants the values C,,; = 5-00, Cyp= 1°47, Cyy=1-18X 104, 
which are the averages of the measurements of Mason (1946) and of 
Bhagavantam and Suryanarayana (1947 b) 


Pu Prz2= — 0°0502, pir — Pis= — 0°0842, pag = — 0-0187. 


To determine 71), Piz, P13 Separately, it is necessary to measure the change 
in refractive index for the individual components that are propagated un- 
changed through the crystal. The interference method adopted by one of 
the authors (Ramachandran, 1947) in the case of diamond could not be used 
for this crystal as several attempts made to obtain interference fringes were 
not successful. Consequently, the ratios p,./p,, and p,3/p,, were deter- 
mined from a study of the polarisation of ultrasonic diffraction patterns 
provided by the crystal (method due to Mueller, 1938). At the suggestion 
of one of us (G. N. R.) these measurements were made by Mr. Vedam in this 
Laboratory. We are grateful to him for handing over to us the results of 
his measurements. In the calculation of the results, allowance was made 
for the fact that the crystal was optically active. The following values were 
found: 

Pr 1.49 Prs — 1-285 

Pu Pu 
It may be noticed that (py:— p,2)/(Piu— Piz) from these is 1-70 as compared 
with 1-68, obtained from birefringence measurements. 


Thus we obtain the complete set of photoelastic constans for sodium 
chlorate as: 


P= 0-173, pr2=0°258, p43 =0-223, pay = — 0-0187 
Gu = 1°48, Giz = 3-88, G3 = 2°89, Im 1-58, x 10-13 cm.2 dyne-. 
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9. DISCUSSION OF THE RESULTS 


The most interesting result is the large difference between q,>. and qs 
which leads to a difference of about 70% between qy,— qo and qy— ys. 
Thus with stress along the X-axis, the birefringence observed when - light 
is propagated along the Y-axis is very different from that when it is along 
the Z-axis. This is obviously because of the fact that the structure is 
asymmetric as is evidenced by the optical activity exhibited by it. 

Sodium chlorate thus behaves as an optically biaxial crystal when 
compressed along a cubic axis. Calculations with the above constants show 
that it behaves like a negative biaxial crystal under compressive stresses, 
that the optic axial angle 2 V = 80° and that the acute bisectrix is the stress 
direction. These characteristics are independent of the magnitude of the 
stress. 


This is the first crystal of class T whose photoelastic constants have 
been determined and the measurements support Bhagavantam’s results 
(1942) that it should have four independent constants. The values of the 
constants are similar to those for rock-salt, except for the fact that p;.=p;; 
for rock-salt (cf. py, = + 0°137, pyo= + 0-178, pyy =—0-0108 for rock- 
salt). This is not surprising in view of the fact that the structure of sodium 
chlorate is based on a slightly distorted sodium chloride lattice. Further, 
the refractive index of sodium chlorate (1-514) is also very near to the refrac- 
tive index of rock-salt (1-544). 


The question arises whether stress produces any effect on the rotatory 
power. The present measurements do not reveal any such effect, as 2p 
is sensibly constant for different stresses in all the crystal specimens studied. 
The measurements, however, were not accurate enough to detect small devia- 
tions, since the main interest in the work was to determine the birefringence 
produced by stress. 
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SUMMARY 


Sodium chlorate is the first crystal belonging to the tetrahedrite class (T) 
of the cubic system for which photoelastic constants have been measured. 
Since the crystal exhibits optical activity and no birefringence in the absence 
of stress, special techniques have to be adopted for measuring the bire- 
fringence introduced by stress. This has been done by the use of a petro- 
logical microscope in conjunction with the stressing apparatus and measur- 
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ing the ellipticity and other characteristics of the light transmitted by the* 
crystal. A particularly simple method is to use the “ elliptic analyser”. 
Since the crystal does not possess four-fold axes, the relative orientation 
of the X- Y- and Z-axes was .determined by means of X-rays. From 
observations on crystals compressed along [100], [110] and [111] directions, 
Gu— 42, GWi— Gis and gy, were evaluated. All the four constants were 
independently obtained by combining these with polarisation measure- 
ments of light diffracted by ultrasonic waves in the crystal. The values are: 
9 = 1°48, = gyp = 3-88, Gg = 2°89, yg = — 1°58 X 10-4 cm.?_— dyne™; 
Pu = 9-173, pyo = 0-258, pyg =0°223, pyy = — 0°0187. Gye and 9,3 are different 
as is to be expected from Bhagavantam’s theory for crystal classes T and 
T;. For stress along X-axis, the values of birefringence for observation 
along the Y- and Z- axes differ by as much as 70%, which is the largest 
observed so far for a cubic crystal. 
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